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The cha rac t e r i s t i c s  of coa ls  have been determined by a va r i e ty  of f a c t o r s ,  such as  the 
charac te r  of the  environment of deposit ion and temperature/time/pressure his tory .  The 
varying r e l a t i v e  importance of these f ac to r s  has produced an ex t raord inary  level of d i -  
ve r s i ty  in  t h e  world's  coal reserves.  
h i b i t  a wide var ie ty  of l iquefac t ion  c h a r a c t e r i s t i c s .  
c o a l / t e t r a l i n  in t e rac t ions  and 14 o ther  proper t ies  f o r  a s e t  of 104 coa ls  had t o  be par- 
t i t i oned  by c l u s t e r  ana lys i s  i n t o  3 more homogeneous populations before va l id  regression 
analyses could be performed, and the  mul t ip le  regression analyses pred ic t ing  conversion 
ca l l ed  out  a d i f f e r e n t  s e l ec t ion  of proper t ies  f o r  each group. 
l y  respons ib le  f o r  t h e  pa r t i t i on ing  i n t o  groups were contents of s u l f u r  and of carbon, 
and the groups consisted l a rge ly ,  but not e n t i r e l y ,  of coa ls  from d i f f e r e n t  geological 
provinces. The inorganic matter i n  coa ls  i s  of various types and i t s  na ture  i s  deter -  
mined by t h e  geology and geochemistry of the basin i n  which a coal i s  formed. I t  impor- 
t a n t l y  influences such d iverse  phenomena a s  t h e  c a t a l y t i c  e f f e c t  of coal minerals andthe  
ex ten t  of abrasion o r  erosion of valves and pipework i n  commercial r eac to r s .  Experience 
in p i l o t  p l an t s  has shown a widely varying incidence of problems due t o  depos i t ion  of 
l a rge ly  inorganic o r  la rge ly  organic s o l i d s  i n  t he  reac tor ,  both phenomena beinq depen- 
d e n t  on t h e  degree of metamorphism of the  coa l ,  t he  geochemistry o f  t h e  inorganic  matter 
and the petrography of the coa l ,  the  l a t t e r  property being a function of the  geochemis- 
try of the or ig ina l  peat swamp. 

The coa l s  of the  geographical a r ea  of the U . S .  ex- 
Data comprising conversion in 

The  coal proper t ies  most- 

J 
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RELATIONSHIPS BETWEEN COAL LIQUEFACTION BEHAVIOUR 

AND THE COMPOSITION OF SOUTH AFRICAN COALS 

PROVEN 

INDICATED 

INFERRED 

TOTAL 

D. GRAY, G.  BARRASS AND J .  J E Z K O  

18 794 3,720 6,197 7,912 13,582 32,223 

- 645 2,866 5,507 5,224 11,785 26,027 

2 60 2,034 3,516 5,429 11,983 23,024 

20 1,499 8,620 15,220 18,565 37,350 81.274 
I 
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GEOLOGICAL O R I G I N  OF SOUTH AFRICAN COALS 

The c o a l  d e p o s i t s  of South  A f r i c a  were formed during t h e  Permian age j u s t  a f t e r  a 
retreat of g l a c i a t i o n .  This  makes i t  almost c e r t a i n  t h a t  t h e  c l imate  w a s  temperate 
r a t h e r  than s u b t r o p i c a l  and may expla in  t h e  d i f f e r e n c e s  between the  p l a n t  l i f e  i n  
South Afr ica  a t  t h a t  t i m e  and t h e  f l o r a  of t h e  North American carboniferous era. 
The predominance of t h e  i n e r t i n i t e  maceral group i n  South Afr ican  c o a l s  i s  i n d i -  
c a t i v e  of d r i e r  swamp c o n d i t i o n s  i n  which r o t t i n g  processes  as w e l l  as p e a t i f i c a t i o n  
played a more dominant r o l e  than  i n  t h e  formation of t h e  humic coa ls  of Europe ( I ) .  
South Afr ican c o a l s  were thought t o  be depos i ted  i n  d e l t a i c  o r  f l u v i a l  environments 
where f l u c t u a t i o n s  i n  water l e v e l  may have caused d e p o s i t i o n  of l a r g e  q u a n t i t i e s  
of  mineral  m a t t e r .  
rank although i n  Nata l  a n t h r a c i t e s  a r e  found. This  rank i n c r e a s e  seems to  be  due 
t o  metamorphism brought  about by d o l e r i t e  i n t r u s i o n s  r a t h e r  than by s t r a t i g r a p h i c  
depth. 

South  Afr ican  c o a l s  g e n e r a l l y  have not  reached a very h igh  

GEOGRAPHICAL LOCATION AND COAL RESERVES OF SOUTH AFRICA 

The main coal f i e l d s  l i e  i n  t h e  Highveld a r e a  of t h e  Orange Free  S t a t e ,  South- 
e a s t e r n  Transvaal  and Nata l .  Other coa l  f i e l d s  a r e  loca ted  i n  t h e  Northern 
p a r t  of the country,  t h e  Waterberg f i e l d  on t h e  Botswana border  and t h e  Limpopo 
and P a f u r i  f i e l d s  on t h e  borders  of Rhodesia and Mocambique. 

Table  1 shows t h e  raw bituminous coa l  r e s e r v e  f i g u r e s  a t , v a r i o u s  a s h  conten ts  ( 2 )  
The t o t a l  f i g u r e  of 81,274 m i l l i o n  tonnes i s  f o r  t o t a l  mineable c o a l  i n  s i t u  down 
t o  300 meters. About h a l f  of t h e  coa l  r e s e r v e s  contain'between 30 t o  35% minera l  
matter, thus by world s t a n d a r d s  South Afr ican  coa l  i s  of p o o r ' q u a l i t y .  

TABLE 1 :  SUMMARY OF COAL RESERVES : MILLIONS OF TONNES 

I 
ASH % I 5-10  I 10-15 I 15-20 I 20-25 I 25-30 I 30-35 i TOTAL I 
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LIQUEFACTION BEHAVIOUR OF A VARIETY OF SOUTH AFRICAN COALS 

Experimental : 

Two experimental  procedures were used i n  t h i s  pre l iminary  s tudy of t h e  l ique-  
f a c t i o n  behaviour  of South Afr ican  c o a l s .  These were: 

( i )  dry hydrogenation using the  hot-rod r e a c t o r  (3) .  
( i i )  s l u r r i e d  hydrogenat ion using a r o t a t i n g  au toc lave .  

( i )  Hot-Rod Method: 

This system was very s i m i l a r  t o  t h e  one used by Hiteshue a t  t h e  U.S.B.M. except  
t h a t  l a r g e r  q u a n t i t i e s  of c o a l  were used. I n  t h i s  method sand (0.42 - 0.15 mm) 
was mixed with t h e  coa l  i n  a 2:1 mass r a t i o .  It was found t h a t  t h e  a d d i t i o n  
of sand t o  the  coa l  helped t o  prevent  agglomeration (4)  thus  enhancing t h e  
d i f f u s i o n  of hydrogen through t h e  c o a l  and t h e  removal of t h e  l i q u e f a c t i o n  products  
from t h e  coal .  I n  experiments us ing  a c a t a l y s t  an aqueous s o l u t i o n  of s tannous 
ch lor ide  was added t o  t h e  c o a l ,  evaporated t o  dryness ,  and then mixed w i t h  t h e  
sand. The amount of c a t a l y s t  added on a t i n  b a s i s  w a s  1% of t h e  mass of  t h e  coa l .  
These mixtures  w e r e  p laced  i n  a hot-rod r e a c t o r ,  p ressur ized  wi th  hydrogen t o  
25 MPa and heated t o  5OO0C a t  a h e a t i n g  r a t e  of 2OO0C p e r  minute. 
t i m e  at temperature  was 15 minutes .  

( i i )  Rotat ing Autoclave Method: 

The r e a c t o r  was a 1 l i t e r  s t a i n l e s s  steel r o t a t i n g  au toc lave .  I n  t h e  experiments  
using anthracene o i l ,  t h e  r a t i o  of o i l  t o  coa l  was 2:1, and t h e  f i n a l  r e a c t i o n  
temperature  was 43OoC. 
room temperature .  
The products  a f t e r  l i q u e f a c t i o n  were f i l t e r e d  whi le  h o t ,  and t h e  r e s i d u e  was 
soxhle t  e x t r a c t e d  wi th  to luene  f o r  24 hours .  

The o v e r a l l  conversion of c o a l  t o  l i q u i d  and gaseous products  was obta ined  from 
t h e  formula: 

React ion 

The au toc lave  w a s  p r e s s u r i z e d  wi th  hydrogen t o  IO MPa a t  
F i n a l  p r e s s u r e  a t  r e a c t i o n  temperature  was approximately 25 ma. 

Organic m a t e r i a l  i n  t h e  r e s i d u e  
( I  - Organic material i n  t h e  coa l  1 Percentage conversion = 100 

The o i l  i s  t h e  n-hexane s o l u b l e  p o r t i o n  of t h e  product ,  and t h e  asphal tene  i s  t h e  
toluene s o l u b l e  n-hexane i n s o l u b l e  p o r t i o n .  

Analyses of Coals Studied:  

The c o a l s  used i n  t h e s e  experiments  were from Landau, Sigma, Spi tzkop,  K r i e l ,  
Matla, New Wakefield and Waterberg c o l l i e r i e s .  Table  2 shows t h e i r  proximate 
and u l t i m a t e  analyses .  

The pe t rographic  ana lyses  of the  c o a l s  a r e  shown i n  Table  3. 
semi-fusini te ,  t h e  l a r g e s t  component of t h e  i n e r t i n i t e  i n  Sigma c o a l ,  i s  considered 
r e a c t i v e  and i s  included i n  t h e  t o t a l  r e a c t i v e  maceral conten t .  

One-third of  the 
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TABLE 2 :  PROXIMATE AND ULTIMATE ANALYSES OF COALS USED I N  THE LIQUEFACTION 

EXPERIMENTS 

PROXIMATE ANALYSES 
(AIR DRIED BASIS)  COAL 

% % % %  
VOL. F I X .  

H20 ASH MAT. CARB. 

MATLA 6.0 10 .9  35.3 47.8 

WATERBERG 3.4 12.7 34 .8  49.1 

NEW WAKEFIELD 4.9  14.9 32.8 47.4 

KRIEL 3.8 20 .2  30 .3  45.7 

SPITZKOP 3.2 12.7 32.7 51.4 

SIGMA 6.6 29.6 21 .9  41.9 

LANDAU 2.5  14 .3  23.3 59.9 

ULTIMATE ANALYSES 
(D.A.F. BASIS) % 

% % % %  % VOL. 
MAT. 

C H N S 0 (DAF) 

78.84 5.48 2.03 0 .53  13.12 42.5 

80 .68  5.47 1.47 1.04 11.34 41.5 

79.15 5.41 2.11 2.28 11.05 40.9 

79.13 5.28 2.04 2.88 10.67 39.9 

81.68 5.33 2.07 1 .31  9.61 38.9 

76.71 4.42 1.55 1.08 16.24 34.3 

84.10 4.41 1.91 0.64 8.941 28.0 

TABLE 3 :  PETROGRAPHIC ANALYSES OF COALS USED I N  THE LIQUEFACTION EXPERIMENTS 

1 COAL 

WATERBERG 

NEW WAKEFIELD 

SPITZKOP 

SIGMA 
LANDAU 

MACERAL ANALYSES 

% % % % 
V I S I B L E  

VITRINITE EXINITE INERTINITE MINERALS 

75.9  6 . 2  15.6 1 .o 
83.2 4.2 5.7 6.9 

72.2 5 . 0  13.2 9.6 

50.8 12.1 21.5 15.6 

55.0 6 . 3  35.9 2.8 

27.9 3.1 58.9 10.1 

57.2 6 . 0  28.4 8.4 

Results of the Preliminary Investigation: 

The effect of the following parameters was studied in relation to liquid 
and conversions during coal liquefaction: 

1 )  volatile matter content 
2) HIC atomic ratio 
3 )  reactive maceral content 
4 )  mineral matter constituents 
5 )  process parameters 

ields 

Emphasis in this paper is placed on the coal parameters 1 - 4 ,  and only brief 
mention is made concerning the process parameters. 
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Figures  1 and 2 show t h e  percentage conversion (d .a . f .  b a s i s )  of t h e  c o a l s  
p l o t t e d  a g a i n s t  the  H/C r a t i o ,  t h e  v o l a t i l e  m a t t e r  and t h e  r e a c t i v e  maceral  
conten t  f o r  t h e  anthracene o i l  runs.  
F igures  3 and 4 show t h e  percentage conversion and the  o i l  y i e l d  p l o t t e d  a g a i n s t  
t h e  H/C r a t i o ,  v o l a t i l e  matter and r e a c t i v e  macerals .  These r e s u l t s  were ob- 
ta ined  from dry hydrogenat ion runs  us ing  the  hot-rod r e a c t o r .  
F igures  5 and 6 show t h e  t o t a l  l i q u i d  product  obtained ( o i l  p l u s  asphal tene)  
p l o t t e d  a g a i n s t  the  H/C r a t i o ,  v o l a t i l e  matter and r e a c t i v e  maceral conten t  of 
t h e  coa ls .  

The e f f e c t  of t h e  inorganic  c o n s t i t u e n t s  i n  t h e  coa l  w a s  s t u d i e d  i n  two ways. 
F i r s t l y ,  a sample of c o a l  from Kriel  c o l l i e r y  was subjec ted  t o  a f l o a t  and s i n k  
separa t ion .  The ana lyses  of t h e  f l o a t  and s i n k  f r a c t i o n s  i s  shown i n  Table  4 .  

TABLE 4 :  ANALYSES OF FLOAT/SINK FRACTIONS 

V i t r i n i t e  E x i n i t e  R e l a t i v e  
Densi ty  Ash V i s i b l e  I n e r t i n i t e  Minerals 

5.4 

9.7 

1.4 f l o a t  80.6 

9 .  I 
1.65 s i n k  66.6 33 .4  

NUMBER 

555 0 

524 K 
651 J 
553 H 

524 B 

554 C 

555 A 

Figure  7 shows t h e  product  d i s t r i b u t i o n  obta ined  from d r y  hydrogenat ion of  t h e s e  
f l o a t / s i n k  f r a c t i o n s .  

The second procedure s tud ied  t h e  p a r t i c u l a r  e f f e c t s  of t h e  p y r i t e  c o n t e n t  of t h e  
c o a l s  dur ing  hydrogenation. Unwashed c o a l s  w e r e  s e l e c t e d  so t h a t  t h e  only para-  
meter t o  show s i g n i f i c a n t  v a r i a t i o n  was t h e  t o t a l  s u l f u r  conten t .  O f  t h i s  t o t a l  
s u l f u r ,  approximately I %  was organic ,  and t h e  rest was p y r i t i c .  Since t o t a l  
mineral  matter w a s  a l s o  known t o  a f f e c t  conversion,  i t  was k e p t  a s  c o n s t a n t  a s  
poss ib le .  
Table  5 shows t h e  ana lyses  of t h e  c o a l s  used t o  s tudy t h e  e f f e c t  of p y r i t e .  

V+E TOTAL ASH % MOISTURE % SULFUR % VM 

8 3 . 0  24 2 .4  6 .5  31 .9  

83 .8  . 22 3.0 5.7 29.1 

83.7 26 2.3 5 . 0  32 .2  

82.0 22 2.8 4 .  I 32.5 

82.0 22 2.7 2.2 32.1 

83.2 24 2.5 1 .9  30.2 

80.0 22 2 .4  1 . 3  32.5 

TABLE 5 :  ANALYSES OF UNWASHED COALS USED TO DETERMINE THE EFFECT OF PYRITES 
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React ion  condi t ions  used i n  t h e  hot-rod r e a c t o r  f o r  t h e  p y r i t e  experiments  were 
25 MPa, 45OoC and a 2:1 sand:coal  r a t i o .  
A process  temperature  s t u d y  was conducted us ing  Waterberg, New Wakefield, Sigma 
and Landau c o a l s ,  and a t  65OoC t h e  conversions f o r  t h e s e  c o a l s  were 89 ,  87, 90 
and 88% r e s p e c t i v e l y .  
t o  t h e  same v a l u e  r e g a r d l e s s  of t h e  c h a r a c t e r i s t i c s  of t h e  i n d i v i d u a l  c o a l s .  The 
product  d i s t r i b u t i o n  of  o i l  and gas ,  however, was d i f f e r e n t ,  t h e  h igher  temperature  
r e s u l t i n g  i n  h igher  g a s  make and lower o i l  y i e l d .  I f ,  however, t h e  vapor  res idence  
t imes a r e  shor tened  it may be  p o s s i b l e  t o  quench t h e  vapors  b e f o r e  e x t e n s i v e  
c racking  to gas  occurs .  

Within experimental  e r r o r  t h e  conversions had a l l  converged 

Rela t ionships  Between L i q u e f a c t i o n  Behaviour and t h e  Coal Composition 

Organic coal p r o p e r t i e s  

The r e s u l t s  of l i q u e f a c t i o n  us ing  anthracene o i l  shown i n  f i g u r e s  I and 2 i n d i c a t e  
a good c o r r e l a t i o n  between conversion and t h e  H/C atomic r a t i o ,  v o l a t i l e  mat te r  and 
r e a c t i v e  maceral c o n t e n t  of t h e  c o a l s .  Comparison of t h e s e  an thracene  o i l  r e s u l t s  
w i t h  results from dry hydrogenat ion i n  t h e  absence of an thracene  o i l  ( f i g u r e s  3 
and 4)  shows t h a t  the  s l o p e s  of t h e  l i n e a r  c o r r e l a t i o n s  a r e  very  s i m i l a r .  I n  t h e  
c a s e  of conversion a g a i n s t  v o l a t i l e  m a t t e r ,  t h e  s l o p e s  a r e  i d e n t i c a l .  The s i g n i f i -  
cance of t h i s  i s  not  c l e a r  a s  a d i f f e r e n t  mechanism i s  probably o p e r a t i v e  i n  t h e  
two techniques. The an thracene  o i l  most c e r t a i n l y  a c t s  a s  a hydrogen donor s o l v e n t ,  
and the  molecular  hydrogen rehydrogenates  t h e  s o l v e n t .  
gena t ion  r a d i c a l  s t a b i l i z a t i o n  occurs  d i r e c t l y  by r e a c t i o n  w i t h  molecular  hydrogen. 

No o i l  y i e l d  d a t a  a r e  a v a i l a b l e  from t h e  an thracene  o i l  experiments because of the  
complicat ions i n  s e p a r a t i n g  product  o i l ,  which r e s u l t s  from c o a l  l i q u e f a c t i o n ,  and 
anthracene o i l .  I n  t h e  c a s e  of dry hydrogenat ion t h i s  complicat ion does not  e x i s t ,  
and very  r e l i a b l e  o i l  and o i l  p l u s  asphal tene  y i e l d  d a t a  a r e  a v a i l a b l e .  Exce l len t  
c o r r e l a t i o n s  a r e  obta ined  by p l o t t i n g  o i l  p l u s  asphal tene  y i e l d  a g a i n s t  H/C r a t i o  
and v o l a t i l e  m a t t e r  c o n t e n t  of t h e  c o a l s  wi th  c o r r e l a t i o n  c o e f f i c i e n t s  of 0.96 and 
0.95, r e s p e c t i v e l y  ( F i g u r e  5) .  

It must be s t r e s s e d  t h a t  t h e r e  i s  an i n t e r c o r r e l a t i o n  between t h e  coa l  p r o p e r t i e s  
themselves. The c o r r e l a t i o n  between t h e  v o l a t i l e  m a t t e r  and t h e  H/C r a t i o  f o r  
t h e  South A f r i c a n  c o a l s  s tud ied  i s  extremely h igh ,  t h e  c o r r e l a t i o n  c o e f f i c i e n t  
being 0.99. 
obviously i m p l i e s  a s i m i l a r l y  good c o r r e l a t i o n  w i t h  t h e  o t h e r .  
c o r r e l a t i o n s  between the v o l a t i l e  mat te r  and t h e  r e a c t i v e  maceral  conten t  and 
between the  r e a c t i v e  macera l  conten t  and t h e  H/C r a t i o  were n o t  s t a t i s t i c a l l y  
s i g n i f i c a n t  f o r  t h e  c o a l s  s t u d i e d .  

The c o r r e l a t i o n  a g a i n s t  t h e  c o n c e n t r a t i o n  of r e a c t i v e  macerals  p r e s e n t  (F igure  6 )  
i s  not  a s  good as f o r  t h e  H/C r a t i o  and the  v o l a t i l e  matter. A p a r t i a l  expla- 
n a t i o n  of t h i s  may be t h a t  f o r  South Afr ican  c o a l s ,  p o r t i o n s  of t h e  i n e r t i n i t e  
conten t  seem t o  b e  d e f i n i t e l y  r e a c t i v e  t o  l i q u e f a c t i o n .  The semi- fus in i te ,  
o f t e n  very h igh  i n  t h e s e  c o a l s ,  i s  p a r t i c u l a r l y  r e a c t i v e  t o  hydrogenat ion,  and 
a l s o  o ther  maceral  c o n s t i t u e n t s  of the  i n e r t i n i t e  group show some r e a c t i v i t y  
i n  t h i s  regard. 

The c o r r e l a t i o n  of convers ion  a g a i n s t  t h e  c o a l  parameters  i s  c o n s i s t e n t l y  not  a s  
good a s  with t h e  o i l  and o i l  p l u s  asphal tene  d a t a .  This  may b e  explained by t h e  
v e r y  high minera l  matter c o n t e n t s  of South A f r i c a n  c o a l s .  
t h e  chemical composi t ion of t h i s  mineral  mat te r  may undergo cons iderable  change. 
For  example, decarboxyla t ion  of carbonates  and dehydroxylat ion of c l a y  minera ls  

I n  the  c a s e  of dry  hydro- 

Thus a good c o r r e l a t i o n  of y i e l d  w i t h  one of t h e s e  p r o p e r t i e s  
However, t h e  

A t  convers ion  condi t ions ,  
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could occur, resulting in a higher measured weight loss of the coal. 
lating conversions, the mineral matter is considered to be unchanged after the 
hydrogenation reaction, but this is not necessarily the case. 

Conversion data from South African coals were compared to data from a selection 
of Australian coals, also of Gondwanaland origin. 
in the presence of a tar derived solvent at 4OO0C, 1 1  - 20 MPa and in a ratio 
5:1 oil : coal (5). This selection of coals used by the A.C.I.R.L. included 
three non-Australian coals, and these were omitted in the correlations reported 
here. An excellent correlation was found between the conversion and the reactive 
maceral content of the coals. In addition a correlation existed between the 
conversion and the HI atomic ratio. 

Table 6 shows the linear regression analyses and the correlation coefficients 
for the conversion data from South African and Australian coals. 

TABLE 6 : 

When calcu- 

These coals were hydrogenated 

C 

REGRESSION EQUATIONS FOR SOUTH AFRICAN AND AUSTRALIAN COALS 

COUNTRY 

SOUTH AFRICA 

AUSTRALIA 

REGRESSION EQUATION CORRELATION COEF. CONDITIONS 

C = 0.56 R + 39.0 0.63 DRY (Sn) 
C = 1.4 (VM) + 25.0 0.63 DRY (Sn) 
C = 91.8 CH/Cj + 7.2 0.61 DRY (Sn) 
C = 0.47 R + 48.0 0.92 ANTHRACENE OIL 
c = 1.4 (VM) + 40.0 0.89 ANTHRACENE OIL 
C = l06.6CH/Cj + 1.0 0.96 ANTHRACENE OIL 

C = 0.65 R + 26.0 0.92 TAR OIL 
C = 83.5 EH’C9 + 1.6 0.70 TAR OIL 

C = CONVERSION, R = REACTIVE MACERALS, VM = (D.A.F.) VOLATILE MATTER 

Inorganic Coal Properties: 

There is positive evidence that mineral matter behaves beneficially during coal 
conversion. It has been demonstrated that certain coal minerals, particularly 
iron compounds, catalyze the hydrogenation of coal-derived solvents (6). 
Mukherjee et a1 (7) hydrogenated float/sink fractions of an Indian coal and found 
that the conversion increased continuously with the amount of mineral matter 
present in the fraction. 
matter in the coal on liquefaction. 
coal, the petrographic constitution of the coal fractions usually changes signifi- 
cantly with more inertinite being found in the higher density fractions. 
the mineral matter distribution changes from fraction to fraction, and the 
physical distribution of the mineral phases causes considerable variation in the 
surface areas available for possible catalysis. In addition, the combination 
of the effects of increased mineral matter and decreased reactive maceral content 
in increasing density fractions decreases the tendency of the coal to agglomerate. 
This allows more effective diffusion in the system (4). 

To try to overcome these difficulties, a series of unwashed coals was chosen so 
that the only parameter to change significantly was the total sulfur content. 
Table 5 shows the analysis of the coals, and Figure 8 clearly shows the effect 

It is difficult to assess the effect of the mineral 
When using float/sink fractions of the same 

Also 
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of  p y r i t e  conten t  o f  t h e  coa l  on  conversions and l i q u i d  product  y i e l d s  dur ing  
l i q u e f a c t i o n .  Conversions increased  from about  50 t o  70% us ing  t h e  hot-rod 
r e a c t o r  wi th  no added c a t a l y s t .  
c a t a l y t i c a l l y  i n  the dry hydrogenat ion r e a c t i o n  a s  w e l l  as in s l u r r i e d  reac t ions .  

The r e s u l t s  from t h e  f l o a t / s i n k  f r a c t i o n s  (F igure  7) a r e  more d i f f i c u l t  t o  
i n t e r p r e t  because of t h e  simultaneous v a r i a t i o n  of minera l  mat te r  and 
petrography ( s e e  Table  4) .  
w i t h  the h igher  mineral matter f r a c t i o n s  is due t o  t h e  i n c r e a s e  i n  s u l f u r  t h a t  
v a r i e s  from 0.5% i n  the  1.4 f l o a t  t o  9% i n  t h e  1.65 s i n k  f r a c t i o n .  The 
s i g n i f i c a n c e  a s  f a r  a s  South Afr ican  c o a l s  are concerned i s  t h a t  minera l  mat te r  
does not n e c e s s a r i l y  mean poor performance dur ing  coa l  l i q u e f a c t i o n .  
so f a r  sugges ts  t h a t  the  minera l  mat te r  can be  b e n e f i c i a l  i n  i n c r e a s i n g  
conversion and l i q u i d  product  y i e l d s .  
matter c a n  create o t h e r  problems, and a t r a d e  o f f  between p o s s i b l e  c a t a l y t i c  
b e n e f i t s  and engineer ing  process  d i f f i c u l t i e s  must be a r r i v e d  a t .  

Thus i t  would appear t h a t  p y r i t e  can act 

It could be  t h a t  t h e  i n c r e a s e  i n  o i l  y i e l d  obtained 

Evidence 

From a processing viewpoint ,  h igh  mineral  

SUMMARY: 

For the South A f r i c a n  bi tuminous coa ls  s tud ied  so f a r  t h e  fo l lowing  conclus ions  
can  be made: 

( i )  Conversion d a t a  obta ined  from c o a l  l i q u e f a c t i o n  under dry  hydrogenat ion 
c o n d i t i o n  and i n  t h e  presence of an thracene  o i l  show good c o r r e l a t i o n s  
wi th  t h e  "C r a t i o ,  the  v o l a t i l e  mat te r  and t h e  r e a c t i v e  maceral  conten t  
of the c o a l s .  

( i i )  For  d r y  hydrogenat ion,  e x c e l l e n t  c o r r e  t i o n s  a r e  obta ined  between t o t a l  
l i q u i d  product  and o i l  y i e l d  w i t h  t h e  "C r a t i o  and t h e  v o l a t i l e  matter 
of t h e  c o a l s .  The c o r r e l a t i o n  of  l i q u i d  product  y i e l d  w i t h  r e a c t i v e  
maceral  conten t  is not as good, but l i q u i d  product  i n c r e a s e s  wi th  an 
i n c r e a s e  i n  r e a c t i v e  maceral  conten t .  
The p y r i t e  i n  t h e  coa l ,  as est imated from t h e  t o t a l  s u l f u r ,  appears  t o  
a c t  c a t a l y t i c a l l y  i n  t h e  dry  hydrogenat ion r e a c t i o n  and enhances t h e  
o v e r a l l  l i q u i d  y i e l d .  

( i v )  It appears  t h a t  as t h e  s e v e r i t y  of process ing  i s  increased ,  t h e  importance 
of t h e  coa l  c h a r a c t e r i s t i c s  themselves become less s i g n i f i c a n t  when 
c o n s i d e r i n g  o v e r a l l  conversion,  

( i i i )  
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THE CHARACTERISTICS OF AUSTRALIAN COALS AND 
THEIR IMPLICATIONS IN COAL LIQUEFACTION 

R .  A.  Durie 

213 Miller S t r ee t ,  North Sydney, N.S.W., 2060 
R.W. Miller & Co. Pty. Ltd.  

I N TROD UCT I ON 

I n  Australia,  coal represents,  in  energy terms, over 97% of the country's 
non-renewable f o s s i l  fuel based energy resources, yet  indigenous o i l  which barely 
represents 1% of these resources, together with imported o i l ,  supply over 50% of 
the energy demand with much of t h i s  from the transport  sector.  This s i tuat ion,  
catalyzed by the OPEC o i l  embargo in 1973, has lead t o  strong and sustained 
interest  in the prospects for  producing l iquid fue l s  from the abundant coal 
resources. 
of energy demand i n  Australia ( 2 )  a r e  shown in more de t a i l  in  Tables 1 and 2, 
res pec t ivel  y . 
LOCATION, GEOLOGY AND GENERAL CHARACTERISTICS OF AUSTRALIAN COALS 

Fig. 1. {ew S o u t h  Wales and Queensland possess large reserves of black coals 
in the Sydney and Bowen Basins, respectively,  adjacent to  the eastern seaboard. 
Significant deposits of bituminous coals a r e  a lso known to  occur in remote areas 
in South  Australia a t  Lake Phillipson in the Arckaringa Basin and a t  currently 
inaccessible depths (2000-3000 m )  in the Cooper Basin (3 ,4 ) .  
million tonnes in the l a t t e r ] .  

The reserves of recoverable fos s i l  fue l s  (1) and the present pattern 

The eographical d i s t r ibu t ion  of Austral ia 's  coal resources i s  shown in 

[An estimated 3.6 x IO6 

Large reserves of brown coals occur in Victoria with smaller deposits in 

Whereas the majority of the black coals in  the northern hemisphere, including 

New S o u t h  Wales and South Australia.  

the USA and Europe, were formed during the Carboniferous age, the black coals of 
Australia are ,  i n  the main, Permian. The l a t t e r  include the coals from the two 
major basins - the Sydney and the Bowen - and a l so  large deposits in the Galilee 
Basin (Queensland), a t  Oaklands (N.S.W.), Lake Phill ipson ( S o u t h  Australia) and 
Collie (West Austral ia)  as  well as the deep coal i n  the Cooper Basin (South 
Austral ia) .  
Af r i ca ,  Antarctica and South America, a r e  referred t o  as  Gondwana coals a f t e r  the 
hypothetical super-continent which subsequently broke up  into the continents and 
sub-continents mentioned above (5) .  

these Gondwana coa ls  were d i f f e ren t  from those fo r  the carboniferous coals of 
North America and  Europe. As a r e su l t  of a cooler climate with al ternat ing dry  
and wet periods, and of the consequent difference in  the original plant materials,  
the conditions of accumulation, and the slower r a t e ,  and prolonged duration of 
sinking, the Australian (and  other Gondwana) Permian coals d i f f e r  in many respects 
from the Carboniferous coals of the northern hemisphere. Thus fo r  the former coals,  
seam thickness tends t o  be greater ,  v i t r i n i t e  content lower, semi-fusinite content 
higher, mineral matter content high and sulphur content generally low; the ash 
derived from the mineral matter i s  usually re f rac tory  with high fusion temperatures. 
These coals occur i n  seams near the surface,  and a t  depth. 

T h e  Australian Permian coals vary widely i n  rank (maturity) and type ( v i t r i n i t e  
content) from the Oaklands (N.S.W.) coal a t  72% (dry ash-free basis)  carbon, a hard 
brown coal (61, a t  one extreme - though high v o l a t i l e  bituminous coals such as 
Galilee (Queensland) coal a t  77% carbon, 16% v i t r i n i t e ;  Blair  Athol (Queensland) 
coal a t  82% C ,  28% v i t r i n i t e ;  Liddell (N.S.W.) coal a t  82% C,  and >70% v i t r i n i t e ,  - 
t o  low vo la t i l e  bituminous such as Peak Downs (Queensland) a t  89% C ,  71% v i t r i n i t e ,  

These Permian coals,  together with counterparts in India, South  

T h e  climatic conditions prevailing i n  the Permian during the formation of 
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and Bulli seam (N.S.W.) 89% C ,  45% v i t r i n i t e .  

Coals i n  Australia.  Mesozoic coals occur i n  small basins i n  South Australia,  
Tasmania, New South Wales and Queensland and vary i n  rank from brown to bituminous. 
Perhaps the most notable occurrences i n  the present context a r e  the  Walloon coals 
in the Clarence-Morton basin in Queensland, e.g. Millmerran sub-bituminous coal 
(78% carbon, v i t r i n i t e  plus ex in i t e  -90%). 

The  most s ign i f i can t  Ter t ia ry  coals a r e  represented by the vas t  brown coal 
deposits in Victoria,  par t icu lar ly  in the Latrobe Valley. These brown coals w i t h  
68-70% carbon, occur i n  very thick seams ( u p  to  200 meters) under shallow cover 
( 4 0  meters).  
America in tha t  they have a much lower ash yield and s ign i f i can t  amounts of the 
ash-forming inorganic cons t i tuents  a r e  present as cations o n  the carboxylic acid 
groups which a r e  a cha rac t e r i s t i c  of low rank coa ls .  

COAL CHARACTERISTICS AND T H E I R  EFFECTS IN LIQUEFACTION PROCESS 

In addition to  the Permian coals there a re  occurrences of Mesozoic and Ter t ia ry  

These coals d i f f e r  from the Ter t ia ry  brown coals of North 

The wide var ia t ion  i n  Australian coals in rank, type and inorganic impurit ies 
and the s ign i f icant  differences between these coals and those from the USA and 
elsewhere, emphasize the need f o r  detailed understanding of how spec i f ic  coal 
charac te r i s t ics  influence l iquefaction reactions and the properties of the l iqu id  
product. The heterogeneity and va r i ab i l i t y  of coals make them a complex feedstock 
on the one hand and presents major challenges to e f f o r t s  to  ident i fy  and quantify 
those parameters of most significance.  However, u n t i l  t h i s  i s  achieved the  
application of a process developed and optimized on a coal,  or s imi la r  coa ls ,  from 
one region to  coals in another region i s  fraught with danger. 
this, research i s  i n  progress in a number of laboratories i n  Australia to  e luc ida te  
the chemistry of Australian coals in r e l a t ion  t o  t h e i r  l iquefaction. 
compasses both black and brown coals and l iquefaction via pyrolysis, non-catalytic 
hydrogenation ( so lvent  re f in ing)  and ca t a ly t i c  hydrogenation. The r e s u l t s  obtained 
i n  these s tud ies  a r e  informative b u t  some give r i s e  t o  more questions than answers. 
In the remainder of th i s  paper selected highlights from these Australian s tudies  
will be presented and discussed. 

EFFECTS OF PETROGRAPHIC COMPOSITION AND RANK 

In recognition of 

T h i s  en- 

I t  i s  possible t o  produce some l iqu id  hydrocarbons from most coals during con- 
version (pyrolysis and hydrogenation, ca t a ly t i c  and via solvent re f in ing)  the y i e ld  
and hydrogen consumption required to  achieve this  yield can vary widely from coal 
to  coal.  The weight of data i n  the l i t e r a t u r e  indicate t h a t  the l iqu id  hydrocarbons 
a r e  derived from the so-called ' reac t ive '  macerals, i .e. the v i t r i n i t e s  and ex in i tes  
present (7,8,19). 
conversion would be expected t o  vary w i t h  the v i t r i n i t e  p l u s  ex in i t e  contents. 
T h i s  leads to  the general question of e f f e c t  of rank on the response of a v i t r i n i t e  
and on the yield of l iqu id  products; and, i n  the context of Australian bituminous 
coals,  where semi-fusinite i s  usually abundant, o f  the ro le  of this  maceral in 
conversion. 

Thus ,  fo r  coals of the same rank the  y ie ld  of l iqu ids  during 

A number of research pro jec ts  i n  Australia a r e  being addressed t o  these 
questions. 
approaching the question t h r o u g h  a study of the conversion behaviour of a selected 
range of Australian bituminous coals under non-catelytic solvent refining con- 
d i t ions  (9,lO). 
(CSIRO) i s  considering the question with regard t o  pyrolysis (11) and c a t a l y t i c  
hydrogenation ( 1 2 )  of bituminous and brown coals,  w i t h  support from s tudies  of the  
behaviour of individual maceral types during conversion w i t h  the a id  of petrographic 
techniques ( 1 2 ) .  

Experimental data published recently by Cudmore (10) f o r  eight Australian 
bituminous coals,  reproduced i n  F i g .  2 ,  show a good d i r e c t  l i nea r  cor re la t ion  
between conversion ( t o  gas + l i qu ids ) ,  under non-catalytic hydrogenation conditions 

The Australian Coal Industry Research Laboratories ( A C I R L )  have been 
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u s i n g  t e t r a l i n  a s  vehicle,  and the  v i t r i n i t e  p l u s  ex in i te  contents over the range 
40 t o  80% f o r  coa ls  i n  the rank range where the mean maximum ref lec tance  ( R o  max.) 
of the v i t r i n i t e  var ies  from 0.43% t o  0.68%, i . e .  fo r  carbon content over the range 
of about 75% (dry ash- f ree)  t o  about 82%. This encompasses the sub-bituminous 
coals and high v o l a t i l e  bituminous coals.  However, f o r  coals where max. i s  
greater than 1.47% the yield was markedly lower than might otherwise have been 
expected from the v i t r i n i t e  plus ex in i t e  contents ( r e f e r  Fig. 2 ) .  The information 
i n  F i g .  2 would fu r the r  suggest t h a t  the  rank e f f ec t  i n  decreasing conversion yield 
increases rap id ly  with increase in rank from Ro max. 1.47% t o  2.64%, i . e .  carbon 
(dry ash-free bas i s )  88% t o  >go%. T h i s ,  of course, leaves open the question of 
where the  decrease in  the conversion of the v i t r i n i t e  (+ ex in i t e )  s t a r t s  i n  the 
rank range 83 t o  88% carbon. 

An implication of Cudmore's data (10) for  the sub-bituminous and h i g h  vo la t i l e  
bituminous coals i s  t h a t  the semi-fusinite appears to contribute l i t t l e  to  the con- 
version products, otherwise the apparent dependence of yield on the v i t r i n i t e  
(+ exin i te )  content would not be so l inear .  

the a t ten t ion  of Shibaoka and his associates i n  the CSIRO (12) .  Although the 
project i s  s t i l l  a t  an ear ly  stage,  d i r e c t  observations o n  the changes occurring 
i n  semifusinite-rich coal grains during conversion under a wide var ie ty  of con- 
d i t ions  suggest t h a t  the possible contributions of this maceral i n  conversion 
cannot be ignored although fur ther  work i s  required t o  define the nature and 
magnitude of such contributions.  

Studies i n i t i a t e d  by the author while s t i l l  w i t h  CSIRO (13) seek to  throw 
l i g h t  on the r o l e  of the various macerals by studying the conversion, under 
ca t a ly t i c  hydrogenation conditions, i n  t e t r a l i n  a s  vehicle, of maceral concentrates 
from a h i g h  v o l a t i l e  bituminous coal.  
show conversions a s  almost complete f o r  the hand picked v i t r a in  (>go% v i t r i n i t e )  
from a h i g h  v o l a t i l e  bituminous coal (Liddell seam N.S.W., 83.6% carbon and 43% 
vo la t i l e  matter both o n  a dry ash-free basis) .  However, i t  is evident t h a t  the 
conversion of the 'whole' coal increases rap id ly  w i t h  increase i n  hydrogen 
pressure (under otherwise s imi la r  conditions - batch autoclave, 4h. @ 400OC). 
This could suggest e i t h e r  t h a t  conversion of t he  v i t r i n i t e  i s  suppressed by other 
components i n  the coa l ,  par t icu lar ly  a t  the lower pressures, o r  more l i ke ly ,  t h a t  
other macerals a r e  par t ic ipa t ing  to an increasing extent a s  the hydrogen pressure 
increases. 

discussed above, emphasise the need f o r  caution when generalising on the influence 
of coal cha rac t e r i s t i c s  on conversion. Indeed, i t  would appear t h a t  the absolute 
and r e l a t ive  contribution of t he  various petrographic components i s  dependent on 
the process conditions which include, i n t e r  a1 i a ,  the hydrogen poten t ia l .  

The petrography o f  brown coals d i f f e r s  from tha t  of black coals and i s  l e s s  
well developed. However, evidence i s  mounting tha t  brown coals can vary s ign i f i -  
cantly, even within the same seam, and t h a t  these variations may e f f e c t  t he i r  
conversion behaviour. The Victorian Brown Coal Development Commission has 
in i t i a t ed  s tudies  i n  this area (with advice from the German Democratic Republic). 
No resu l t s  a r e  ava i l ab le  a s  ye t .  

THE EFFECT OF ELEMENTAL COMPOSITION 

I t  i s  well established t h a t  f o r  any coal the so-called reac t ive  macerals, 
vitrinite and ex in i t e ,  a r e  r icher  i n  hydrogen than the inert macerals. Therefore, 
since the conversion of coals t o  l iqu id  fue ls  involves the production of lower 
molecular weight products having atomic hydrogen t o  carbon r a t i o s  in the range 
1.7 t o  2 compared w i t h  4 fo r  most coals,  i t  i s  of i n t e re s t  t o  consider the  e f fec t  
of the hydrogen content,  or a l t e rna t ive ly  the hydrogen/carbon r a t i o  on the con- 
version of coals t o  l iqu id  and gaseous fue l s  under a wide range of conditions. 

The whole question re la t ing  to  the possible ro le  of semi-fusinite is receiving 

Some preliminary r e su l t s ,  given i n  Fig. 3, 

Consideration of the l a t t e r  results i n  r e l a t ion  t o  those of Cudmore ( l o ) ,  
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Pyr o 1 y s i s 

I n  t h i s  c o n t e x t  i t  i s  r e l e v a n t  t o  consider  i n i t i a l l y  t h e  e f f e c t  o f  hydrogen 
contents  on t a r  y i e l d s  du r ing  p y r o l y s i s  ( ca rbon iza t i on ) .  
since, i n  a l l  coa l  convers ion processes l i t t l e  happens u n t i l  the coa l  i s  a t  a 
temperature above t h a t  where a c t i v e  thermal decomposit ion no rma l l y  se ts  in .  I n  
o t h e r  words, a l l  coal  convers ion processes may be regarded as p y r o l y s i s  under a 
v a r i e t y  of c o n d i t i o n s  which determine the na tu re  o f  t h e  pr imary decomposi t ion and 
the  r e a c t i o n s  which f o l l o w .  

by the  former C S I R O  D i v i s i o n  o f  Coal Research f o r  a wide v a r i e t y  o f  A u s t r a l i a n  
coa ls  du r ing  low temperature (600OC) Gray-King c a r b o n i z a t i o n  assays (14) over  
severa l  years. 
organic  i m p u r i t i e s ,  t h e r e  i s  a s i g n i f i c a n t  1 i nea r  c o r r e l a t i o n  between the  t a r  y i e l d  
and t h e  atomic H/C r a t i o .  A v a r i e t y  o f  f a c t o r s  may account  f o r  t h e  s c a t t e r  - t h e  
emp i r i ca l  na tu re  o f  t he  assay, wide v a r i a t i o n s  i n  the ash y i e l d  and n a t u r e  of t h e  
ash (see below), weathering o f  the coa l ,  t h e  m u l t i t u d e  o f  analyses i nvo l ved  and t h e  
long t ime span over  which t h e  r e s u l t s  were accumulated. 

The s teep dependence o n  hydrogen c o n t e n t  o f  t h e  t a r  y i e l d s  obta ined du r ing  
the  low temperature (500OC) f l u i d i z e d  bed ca rbon iza t i on  o f  14 A u s t r a l i a n  coals ,  
ranging i n  rank  from 72% t o  -89% ( d r y  ash- f ree bas i s )  carbon content ,  i s  c l e a r l y  
demonstrated i n  F ig .  5 (15,16). 

I n  c u r r e n t  C S I R O  i n v e s t i g a t i o n s  i n t o  the  p roduc t i on  o f  l i q u i d  f u e l s  v i a  t h e  
f l a s h  p y r o l y s i s  o f  se lec ted  A u s t r a l i a n  c o a l s  (11)  t h e  importance o f  t he  hydrogen 
content ,  o r  more p r e c i s e l y  the atomic H/C r a t i o  o f  t h e  coa l  
t o t a l  y i e l d  o f  v o l a t i l e  ma t te r  and tar, has been demonstrated a l s o .  Th is  i s  shown 
i n  F i g .  6 (20) together  w i t h  t h e  rep roduc t i on  o f  t h e  c o r r e l a t i o n  l i n e  f o r  t h e  low 
temperature Gray-King Carbonizat ion assay t r a n s f e r r e d  from F ig .  4. A l so  i n c l u d e d  
a r e  data obta ined f o r  one USA bituminous coa l  ( P i t t s b u r g h  No. 8) and one l i g n i t e  
(Montana). The former coal p l o t s  c o n s i s t e n t l y  w i t h  t h e  A u s t r a l i a n  b i tuminous c o a l s  
f o r  bo th  t h e  v o l a t i l e  m a t t e r  and t a r  y i e l d ;  b u t  whereas t h e  raw Montana l i g n i t e ,  
together  wi th  the raw A u s t r a l i a n  brown coal ,  a r e  c o n s i s t e n t  w i t h  the  b i tuminous 
c o a l s  f o r  t o t a l  v o l a t i l e  ma t te r  y i e l d ,  the t a r  y i e l d s  from the  l i g n i t e  and brown 
coa l  f a l l  s i g n i f i c a n t l y  below those t o  be expected from F ig .  4 f o r  b i tuminous 
coa l  w i t h  s i m i l a r  atomic H/C r a t i o s  w i t h  one excep t ion  - a l ow  ash sample of  Loy 
Yang brown coa l .  The reason f o r  t he  ' d e v i a t i o n '  i s  cons idered i n  t h e  n e x t  s e c t i o n  
o f  t h e  paper. 

Hydrogenation 

r e f i n i n g )  o f  s i x  A u s t r a l i a n  coa ls  has i n d i c a t e d  t h a t  t h e  convers ion s y s t e m a t i c a l l y  
increases as the atomic H/C r a t i o  o f  t h e  coa l  increases ove r  t h e  range 0.60 t o  
0.85. This  i s  shown i n  F ig .  7 (10) which a l s o  i nc ludes  da ta  f o r  t h e  c a t a l y t i c  
hydrogenation o f  s i x  Canadian coa ls  (17).  These r e s u l t s ,  together ,  i n d i c a t e  t h e  
importance o f  t h e  hydrogen contents  o f  coa l  i n  genera l  f o r  both n o n - c a t a l y t i c  and 
c a b 1  y t i c  hydrogenation. 

Wi th  rega rd  t o  the  i m p l i c a t i o n s  o f  t h e  elemental composi t ion ( u l t i m a t e  
a n a l y s i s )  o f  A u s t r a l i a n  coals ,  brown c o a l s  ( l i g n i t e s )  c a l l  f o r  spec ia l  a t t e n t i o n  
by v i r t u e  o f  t h e i r  h igh  oxygen contents  (as h igh  as 30%). Dur ing hydrogenat ion 
of brown coa ls  i t  i s  u s u a l l y  considered t h a t  s i g n i f i c a n t  amounts o f  hydrogen a r e  
consumed i n  the  e l i m i n a t i o n  of oxygen as water and t h a t  t h i s  places these c o a l s  
a t  a disadvantage because t h e  c o s t  o f  hydrogen i s  a s i g n i f i c a n t  f a c t o r  i n  the  
economics o f  conversion. White has r e c e n t l y  considered oxygen balances i n  the  
c a t a l y t i c  hydrogenation o f  some A u s t r a l i a n  brown c o a l s  (18) .  Th i s  s tudy i n d i c a t e s  
tha t ,  whereas the o v e r a l l  conversion, under comparable cond i t i ons ,  i s  h ighe r  f o r  
brown coa ls  than f o r  b i tuminous coals  s tud ied,  t he  y i e l d  o f  hydrocarbon l i q u i d s  i s  
h igher  fo r  t h e  l a t t e r ;  but, s u r p r i s i n g l y ,  t he  hydrogen consumption i n  the p r imary  
convers ion i s  a c t u a l l y  lower  f o r  the brown c o a l s  than f o r  any o f  t he  b i tuminous 

Th is  i s  p a r t i c u l a r l y  so, 

F ig .  4 represents  a p l o t  o f  t he  atomic H/C r a t i o  versus t a r  y i e l d s  ob ta ined  

Th is  f i g u r e  shows tha t ,  d e s p i t e  a wide v a r i a t i o n  i n  rank  and i n -  

w i t h  rega rd  t o  the  

Cudmore (13) i n  h i s  s t u d i e s  o f  t h e  n o n - c a t a l y t i c  hydrogenat ion ( s o l v e n t  
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the nature and amount of the cations can exer t  marked ef fec ts  on the behaviour of 
t he  coal during thermal decomposition (pyro lys i s ) .  In par t icu lar ,  Schafer (24) I 
has shown t h a t  the presence of cations f a c i l i t a t e  the elimination of the oxygen 
during pyrolysis i n  a manner t h a t  i s  s t i l l  not understood. This could have 
in te res t ing  and prac t ica l  implications f o r  hydrogenation which remain to be 
investigated.  



Y 

I 

I 

In the USA, observations with North Dakota l i gn i t e s  have suggested t h a t  sodium 
associated with the carboxyl groups have a beneficial ca t a ly t i c  e f f e c t  w i t h  regard 
t o  the quali ty of the l iqu id  product (8).  
over hydrogen i n  the 'non-catalytic '  hydrogenation of l i g n i t e  has been a t t r ibu ted  
again t o  the ca t a ly t i c  e f f ec t s  of a lka l i  and a lka l ine  earth metals present on the 
coal (25) which a r e  known t o  be e f f ec t ive  ca ta lys t s  i n  the carbon-steam and carbon 
monoxide-steam reactions.  
ingly in-situ i s  more e f f ec t ive  since i t  probably passes t rans ien t ly  through the 
reac t ive  'nascent'  hydrogen-form and avoids the  need t o  d issoc ia te  the  strong bond 
i n  molecular hydrogen. 

has led t o  i n t e re s t  i n to  the effectiveness of t r ans i t i on  metals exchanged onto the 
carboxyl groups a s  ca t a lys t s .  
colleagues i n  Nor th  Dakota with negative r e s u l t s  ( 2 7 ) .  However, the matter i s  now 
being re-examined in Australia i n  the context of Victorian brown coals.  Careful 
studies i n  t h i s  area could well help contribute to  the be t te r  understanding of the 
ro le  of the ca ta lys t  i n  coal hydrogenation, e.g. does i t  f a c i l i t a t e  the d i r e c t  
t ransfer  of hydrogen from molecular hydrogen in ' t he  gas phase, or i n  solution, t o  
the fragments derived from the thermally decomposing coal? o r  does i t  simply 
f a c i l i t a t e  i n  the regeneration of the hydrogen donor capacity of the ' so lven t ' ?  

I t  i s  appropriate t o  conclude th i s  section by reference t o  one aspect of the  
CSIRO f lash  pyrolysis project involving, again, brown coals.  Here, i t  has been 
shown (28) t h a t  the presence of cations on the carboxyl groups strongly supresses 
the t a r  yield obtained during rapid pyrolysis,  although the to ta l  conversion t o  
vo la t i l e  products appears t o  be unaffected. 
(Victoria) brown coal having a 7 .2% (dry bas is )  ash y ie ld ,  yielded 12% (dry ash- 
f r e e  bas i s )  of t a r  during f l a sh  pyrolysis but, when t h i s  coal was acid washed 0.7% 
(dry bas is )  ash y ie ld ,  the t a r  yield increased t o  20% (dry ash-free bas i s ) .  
Further reference t o  Fig. 6 shows tha t  the l a t t e r  t a r  yield now p lo ts  with the 
bituminous coals with reference t o  the e f f ec t  of the atomic H/C r a t io .  
a second brown coal sample (Loy Yang) which, a s  recovered from the seam, has a very 
low ash yield )0.4% dry ash-free bas i s ) ,  and most of the carboxyl groups i n  the 
acid form, plots w i t h  the bituminous coals in F i g .  3; however, when the sodium-salt 
i s  produced from this coal before f lash  pyrolysis the t a r  yield i s  almost com- 
p le te ly  supressed. 

I t  i s  interesting t o  speculate on the significance these observed e f f ec t s  of 
the presence of ca t ions  on the carboxylic acid groups i n  brown coals.  I t  would 
appear t ha t  the cations e i the r  i nh ib i t  the t a r  forming reactions in some way or 
e l se  cause the t a r s ,  once formed, to  break down to  more vo la t i l e  components with 
no so l id  residue since the to ta l  vo la t i l e  matter yield i s  independent of whether 
the carboxyl groups a re  in the s a l t -  or acid-form. 
t o  be more plausible which, in t u r n ,  implies t h a t  the t a r s  a re  formed from lower 
molecular weight precursors by reactions which a re  blocked by the presence of a 
cation, or cations,  on the carboxyl groups. 
perhaps resides w i t h  the observations, already mentioned, of Schafer ( 2 4 )  on the 
e f fec ts  of cations associated w i t h  carboxyl groups on the oxygen elimination r e -  
actions during the thermal decanposition of brown coa ls .  

chemistry involved. 
experiments w i t h  acid-form and sa l  t-form brown coals o f f e r  promise of resolving 
the precise ro le  of pyrolysis i n  the hydrogenation of these coals and of how the 
ash-forming cations par t ic ipa te  i n  the hydrogenation reactions.  
does the  presence of the  ca t ions  e f f e c t  the hydrogen consumption? A question tha t  
needs a l s o  t o  be considered i n  the context of the observations of White (18). 

CONCLUDING REMARKS 

Further, the super ior i ty  of CO-steam 

I t  has been suggested t h a t  the hydrogen generated accord- 

The a b i l i t y  t o  exchange cations on the carboxylic acid groups i n  brown coal (26) 

This aspect was f i r s t  looked a t  by Severson and his 

For example, a sample of raw Gelliondale 

S imi la r ly  

The former poss ib i l i t y  appears 

The c lue  to  the detailed explanation 

Further detailed s tudies  i n  this area a r e  obviously needed t o  resolve the  
Such pyrolysis s tud ies  supplemented by hydrogenation 

For example, how 

The f i r s t  par t  of this paper has shown t h a t  Australian black and brown coals 
d i f f e r  s ign i f icant ly  i n  a number of respects from coals of similar ranks from North 
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America and elsewhere in the  northern hemisphere. The rest of the paper then pro- 
ceeded to indicate the  progress being made t o  determine how the charac te r i s t ics  of 
Australian coals influence the i r  conversion t o  v o l a t i l e  and l iquid products during 
pyrol ys i s and hydrogenation . 

Australian black coals indicate strongly tha t ,  over a rank range u p  t o  about 83% 
(dry ash-free) carbon, the v i t r i n i t e  and ex in i t e  contents and overa l l ,  the atomic 
hydrogen-to-carbon r a t i o  a r e  the important parameters w i t h  regard to  to ta l  vo la t i l e  
and liquid y ie lds  d u r i n g  pyrolysis and hydrogenation of such coals.  
respects there appears to  be no major differences r e l a t ive  t o  northern hemisphere 
coa ls .  
subleties of var ia t ion  in chemical composition o r  s t ruc ture  with change i n  rank 
a r e  of secondary importance. Also the near l inear  dependence of conversion yields 
on the atomic H/C r a t i o  fur ther  suggest t h a t  the e f f ec t s  of the mineral matter i n  
the Australian black coals may be secondary. 

The r e su l t s  mentioned f o r  Australian brown coals r a i s e  many in te res t ing  
questions concerning the e f f e c t  of coal charac te r i s t ics  on conversion during 
pyrolysis and hydrogenation. 
the acid-form brown coals w i t h  the black coals i n  terms of the e f f ec t  of the atomic 
H/C r a t io  on conversion during pyrolysis;  the suppression of the t a r  y ie ld  when the 
carboxyl groups a r e  i n  the salt-form; and the  elimination of oxygen during the 
primary hydrogenation without the involvement of hydrogen. 
l imi ta t ions  of the investigations mentioned, there i s  no reason to believe t h a t  the 
e f fec ts  observed should be u n i q u e  t o  Australian brown coals.  

To conclude, i t  i s  emphasised t h a t  many of the r e su l t s  discussed r e l a t e  t o  on- 
going investigations and need confirmation on other coals.  
mentioned r e l a t e  t o  the overall  conversion. In coming t o  gr ips  w i t h  the e f fec ts  of 
coal charac te r i s t ics ,  a t t en t ion  must be given t o  the qua l i ty  as well a s  the quantity 
of liquid products obtained during conversion; a s  well a s  to  the r a t e  a t  which the 
conversion occurs under various conditions. These aspects,  which have not been con- 
sidered i n  t h i s  presentation, c a l l  fo r  careful experimentation where the emphasis i s  
not on maximising conversion but on careful control of experimental conditions with 
termination of experiments a t  only par t ia l  conversion. 
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TABLE 1: AUSTRALIA'S FOSSIL FUEL E N E R G Y  RESOURCES (1) 

Resource 

Black Coal* 
I n  S i t u  
Recoverable 

Brown Coal 
I n  S i t u  
Recoverable 

Crude Oil and Condensate 
I n  S i t u  
Recoverable 

Natural Gas + L P G  
I n  S i t u  
Recoverable 

Total 
I n  S i t u  
Recoverable 

Quanti t.y 
(Demonstrated) 

36.30 x lo9  t 1040 69.8 
20.26 x 109 t 580 58.9 

40.93 x lo9  t 400 26.8 
39.00 x l o 9  t 380 38.6 

49.00 x l o 9  bbl 29.7 1.99 
20.70 x l o 9  bbl 12.4 1.26 

545 x 109 m3 21.0 1.40 
327 x l o 9  m3 12.6 1.28 

1,685.7 100 
1,145.0 100 

*Daonstrated + Inferred i n  s i t u  black coal resources a r e  estimated t o  be 
5600 x 10l8J w i t h  55% recoverable - inferred resources of crude o i l  and 
natural gas a re  r e l a t ive ly  minor representing only 1% and 8%, respectively, 
o f  the demonstrated resources. 

TABLE 2: PATTERN OF AUSTRALIAN USE OF FOSSIL FUELS 1974-75 ( 2 )  

Total primar energy demand 2512 x 1015J consisting of:  
coal 1035 x 10r5J; o i l  1318 x 10i5J; natural gas 159 x 10i5J 

% Total Primary 
% o f  Fuel Type Energy 

Coal 

26 
E lec t r i c i ty  generation 61 
I r o n  and s tee l  25 10 ) 42 
Other 14 6 )  

O i  1 
Transport* 
Fuel o i l  
Other 

32 1 61 
15 8 ) 5 2  
24 12 

Natural Gas 
E lec t r i c i ty  generation 20 
Other 80  

1 
5 )  

~~~ ~ 

*Includes fue l  o i l  fo r  bunkering 
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Fig.2. Non c a t a l y t i c  hydrogenation - Product y i e l d s  versus  
v i t r i n i t e  + e x i n i t e  content .  Curve (a)  to ta l  conversion 
(XI  (b) e x t r a c t  ( 0 )  (11) 
Note: Lines (a )  & (b) r e l a t e  t o  rank range Q max. 0.43 - 

0.68%. Values i n  parenthes is  r e f e r  m a x .  f o r  higher  
rank coals .  
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a b  

ATOMIC H/C RATIO 

Fig.  7. Dependence of y ie lds  of hydrogenation products  on the 
atomic hydrogen-to-carbon r a t i o .  
(a) Aus t ra l ian  c o a l s  - non c a t a l y t i c  condi t ions  (10) 
(b) Canadian c o a l s  - c a t a l y t i c  condi t ions  (17) 
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RELATIONSHIP BETWEEN COAL CHARACTERISTICS AND ITS REACTIVITY ON 
HYDROLIQUEFACTION 

K .  Mori, M. Taniuchi, A.  Kawashima, 0. Okuma, and T.  Takahashi, 
Mechanical Engineering Laboratory, Kobe S t e e l ,  Ltd. ,  Nada-ku, 
Kobe 657, Japan. 

INTRODUCTION 

The r e a c t i v i t y  of coa l  during hydroliquefaction should be r e l a t ed  t o  the 
cha rac t e r i s t i c s  of  coa l  a s  a r e  determined by u l t imate ,  proximate and petrographic 
analyses,  e t c .  

been s tudied  by seve ra l  researchers .  A s  a r e s u l t ,  s eve ra l  t yp ica l  parameters are  
purported t o  be i n  t h i s  r e l a t ionsh ip  (1,2,3). Among these  parameters, carbon 
content,  mean r e f l ec t ance ,  v o l a t i l e  mat te r ,  H/C atomic r a t i o ,  r eac t ive  macerals, 
e t c .  a r e  repor ted  t o  be r e l a t e d  t o  coa l  r e a c t i v i t y .  However, it is generally 
known t h a t  these a r e  usua l ly  applied only i n  l imi ted  conditions of hydroliquefac- 
t i o n .  Therefore,  attempts t o  f ind  b e t t e r  parameters s t i l l  continue. 

In  t h i s  study t h e  most c lose ly  r e l a t e d  parameter t o  coa l  r e a c t i v i t y ,  as re- 
presented by conversion, has been se l ec t ed  by l iquefy ing  severa l  types of Coals 
covering a wide range from l i g n i t e  t o  bituminous coa ls  as well  a s  samples from a 
narrow range co l l ec t ed  a t  d i f f e ren t  mining s i t e s .  
range of rank a re  located i n  the  coa l  band shown i n  Fig.  1. The r e s u l t i n g  para- 
meters a r e  compared with o ther  parameters reported by o ther  papers ( 2 , 3 ) .  

The r e l a t i o n s h i p  between the  cha rac t e r i s t i c s  of coa l  and i t s  r e a c t i v i t y  has 

Selected coa ls  from t h e  wide 

I 

EXPERIMENTS AND RESULTS 

The l i que fac t ion  of coa ls  was s tudied  i n  a 500 m l  magnetically s t i r r e d  
s t a i n l e s s  s t e e l  autoclave.  Analytical  da ta  on coals used in  t h i s  study a re  pre- 
sented i n  Tables 1 and 2. Hydroliquefaction da ta  on coa ls  used i n  t h i s  study are  
summarized i n  Tables 3 and 4.  

The experimental methods and procedures were ca r r i ed  out by conventional 
methods. 

Conversion w a s  ca lcu la ted  as follows. 

Conversion % 
Coal charaed (d .a . f .1  - Inso luble  residue ( d . a . f . )  loo - 

Coal charged (d .a . f .1  

The r e l a t i o n s  between coal r e a c t i v i t y  and seve ra l  pa rme te r s  representing 
coa l  c h a r a c t e r i s t i c s  a r e  shown i n  Figs.  2 t o  7.  
of coal is measured by conversion. In t h e  r e s u l t s ,  v o l a t i l e  carbon % i s  selected 
as a more c lose ly  r e l a t ed  parameter than t h e  common parameters, such as C %, H %, 
0 %, H/C atomic r a t i o ,  v o l a t i l e  mat te r ,  e t c .  

I n  these  f igures  the  r eac t iv i ty  

Vo la t i l e  carbon % i s  defined by the  equation as follows. 

Vo la t i l e  carbon % 
x 100 Fixed carbon % 

= % - Vola t i l e  matter % + Fixed carbon % 
This parameter i s  derived from t h e  following b a s i s .  It is genera l ly  consi- 

dered t h a t  t he  f i r s t  s t ep  of coa l  hydroliquefaction is t h e  thermal decomposition 
of C-C and C-0 bonds, e t c .  i n  coal s t r u c t u r e .  
t i l e  matter i n  c o a l  i s  c lose ly  r e l a t ed ,  a s  a parameter t o  coal r e a c t i v i t y  (con- 
vers ion) .  
oxide, water ,  e t c .  i n  v o l a t i l e  mat te r  vary g rea t ly  with t h e  rank of coa l .  There- 
fo re ,  t h e  carbon % i n  v o l a t i l e  matter (Vo la t i l e  carbon % )  w i l l  be considered as 
t h e  parameter represent ing  r e a c t i v i t y .  

Thus, it is  presumed t h a t  the Vola- 

But, t h e  amounts of oxygen containing compounds, such as carbon di-  
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DISCUSSION 

It i s  well  known t h a t  coal  r e a c t i v i t y  depends on t h e  solvent ,  t he  condi t ions 
of hydroliquefaction, and the  composition of t h e  coal .  Thus, it is  desirable  
t h a t  t h e  parameter represent ing coal r e a c t i v i t y  shows e s s e n t i a l l y  t h e  same ten- 
dency, desp i t e  t he  conditions of hydroliquefaction. Accordingly comparison of 
parameters were carr ied out ,  using some previously reported r e s u l t s  ( 2 , 3 ) .  

The following r e s u l t s  were obtained a s  shown i n  the  example below. The re-  
l a t ionsh ip  between conversion and C % i n  coa l  (d . a . f . )  is shown i n  Fig. 2. I n  
t h i s  f igure,  t he  r e l a t i v e l y  close r e l a t ionsh ip  between conversion and C % i s  ob- 
served, bu t  a t  t he  same time it i s  found a l s o  t h a t  t h e r e  a r e  exceptions i n  t h i s  
r e l a t ionsh ip .  
i n e r t  content of t h e  coa l  at t h e  same carbon l eve l . '  That i s ,  i n  Yamakawa's da t a ,  
t h e  i n e r t  content of Miike and Yubari coals  a r e  lower, while G r i f f i n  coa l  i s  
higher.  The same r e s u l t  can be observed i n  our r e s u l t s .  The i n e r t  content of 
Lithgow coa l  i s  high. Furthermore, i n  P.  H.  Given's da t a ,  t h e  l i g n i t e  sample, 
PSOC 87 coa l  deviated considerably from t h e  general  tendency. 
i nd ica t e  t h a t  t h i s  coal was chemically t r e a t e d  ( 3 ) .  It i s  found a l s o  t h a t  t he  
consequences of t h i s  r e l a t ionsh ip  depend on t h e  conditions of l i que fac t ion  and 
coa l  qua l i t y  used (Fig.  2 ) .  
parameter. 
and other  parameters, such a s  H %, 0 % i n  coal .  

The r e l a t ionsh ip  between conversion and t h e  H/C atomic r a t i o  of coal  i s  
shown i n  Fig. 3. I n  t h i s  f igure,  a good r e l a t ionsh ip  i s  found t o  hold i n  some 
r e s t r i c t e d  conditions of l i que fac t ion ,  bu t  t h e  consequences of t h i s  r e l a t ionsh ip  
a r e  not general .  

i s  shown i n  Fig. 4. The consequences of t h i s  r e l a t ionsh ip  a r e  found t o  d i f f e r  
g rea t ly  from one another i n  the  condi t ions of l i que fac t ion  and t h e  coa l s  used. 

The r e l a t ionsh ip  between conversion and v o l a t i l e  carbon % i n  coal  i s  shown 
i n  Fig. 5. According t o  t h i s  r e l a t ionsh ip  a s  shown i n  Fig.  5 ,  conversion of 
almost a l l  coals i n  our research can be expressed exclusively under t h e  same ex- 
perimental  conditions.  It was fu r the r  found t h a t  t he  e f f ec t  of a c a t a l y s t  was 
l a rge r  i n  coals of lower v o l a t i l e  carbon %. I n  Yamakawa's da t a ,  a f a i r l y  good 
r e l a t ionsh ip  i s  found except for abnormal coals of high sulphur content(Kentucky 
No. 11) and of high i n e r t  content ( G r i f f i n ) ,  though t h e  behaviour of Taiheiyo 
coal  can not be explained. I n  add i t ion ,  i n  Given's data ,  a s imi l a r  good r e l a t ion -  
ship is found except f o r  an abnormal c o a l  (PSOC 99).  

consequences of t h i s  r e l a t ionsh ip  a r e  almost t h e  same except f o r  some abnormal 
coals .  
more r eac t ive  than those of lower v o l a t i l e  carbon %. 
seems t o  be a b e t t e r  parameter t o  es t imate  coa l  r e a c t i v i t y .  

is shown i n  Fig.6. I n  Yamakawa's da t a ,  a f a i r l y  good r e l a t ionsh ip  i s  found 
except f o r  abnormal coals of high i n e r t  content (Gr i f f in ,  Grose va l l ey )  and l o w  
i n e r t  content (Miike). 
data.  However, t he  consequences of t h i s  r e l a t ionsh ip  are t h e  reverse  i n  both 
cases.  

i s  shown i n  Fig. 7 .  I n  t h i s  f i gu re ,  a good r e l a t ionsh ip  between conversion and 
r eac t ive  macerals % i n  coals  i s  observed. 
between conversion and i n e r t  ingredients  % i n  coa l  a r e  a l s o  observed. 
consequences of t h i s  r e l a t ionsh ip  a r e  e s s e n t i a l l y  t h e  same i n  two d i f f e r e n t  l i q -  
uefact ion conditions.  Thus, it i s  concluded t h a t  t h e  r eac t ive  macerals % or 
i n e r t  ingredients  % i n  c o a l  a r e  b e t t e r  parameters t o  es t imate  coa l  r e a c t i v i t y .  

I n  coals of t h e  narrow range of rank (Morwell brown coa l )  v o l a t i l e  carbon % 
and other  parameters are i n  r e l a t i o n  t o  t h e  color  tone of brown coa l  a s  shown i n  

29 

The behaviour of abnormal coals  could possibly be explained by 

This seems t o  

Thus, C % i n  coa l  i s  not appreciably use fu l  a s  a 
Similar  consequences a r e  found i n  t h e  r e l a t ionsh ip  between conversion 

The r e l a t ionsh ip  between conversion and v o l a t i l e  mat ter  % (d . a . f . )  i n  Coal 

I 

I n  s p i t e  of t h e  differences of l i que fac t ion  condi t ions and coals  used, t h e  

Therefore, it is sa fe  t o  say t h a t  coals  of higher v o l a t i l e  carbon % a r e  
Thus, v o l a t i l e  carbon % 

The r e l a t ionsh ip  between conversion and t h e  mean maximum re f l ec t ance  of coa l  

i 
And a s imi l a r  good r e l a t ionsh ip  i s  found a l s o  i n  Given's 

The r e l a t ionsh ip  between conversion and petrographic components % i n  coal 

Furthermore, f a i r l y  good r e l a t ionsh ips  
And the  

I 
I 



Table 2. Thus, the  r e a c t i v i t y  of Morwellbrown coal i s  roughly represented by 
the  color tone of t h e  coa l  ( l i t h o t y p e ) .  
than "Dark" coal.  

carbon % i n  coal (a new parameter) is very usefu l  a s  a parameter t o  estimate 
coal r eac t iv i ty .  
t h i s  parameter. 

That i s ,  "Light" coa l  i s  more reac t ive  

The experimental r e s u l t s  described above seem t o  demonstrate t h a t  v o l a t i l e  

However, fu r the r  study i s  necessary t o  c l a r i f y  t h e  va l id i ty  of 

CONCLUSION 

A good cor re la t ion  between v o l a t i l e  carbon % i n  coa l  ( a  new parameter) and 
coa l  r e a c t i v i t y  was observed. That is ,  conversion increases  with the  increasing 
v o l a t i l e  carbon %. 
lower v o l a t i l e  carbon %. I n  addi t ion ,  a s imi l a r  good cor re la t ion  between petro- 
graphic components % i n  coa l  ( r eac t ive  macerals %, i n e r t  ingredien ts  % i n  coal)  
and coal r e a c t i v i t y  was confirmed. In  coals of t he  narrow range (Morwell brown 
coa l ) ,  a l i tho type ,  d i s t inguish ing  t h e  color tone of t he  coa l ,  i s  valuable as a 
parameter. 

F'urther,.the e f f e c t  of a c a t a l y s t  i s  l a rge r  i n  coals of 

"Light" coa l  is more r eac t ive  than "Dark" coal.  
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STUDIES ON NON-CATALYTIC LIQUEFACTION 

OF WESTERN CANADIAN COALS 

by 

B. Iqnas iak,  0. Carson, A. J .  Szladow* and N .  Berkowi tz  
A l b e r t a  Research Counci l ,  Edmonton, A lbe r ta ,  Canada 

Though s t i l l  o n l y  very incomplete ly  explored,  and sub jec t  t o  major 
r e v i s i o n s ,  Canada's coal resources a r e  so ex tens i ve  as t o  p lace t h i s  
country  among t h e  hal f -dozen most r i c h l y  coal-endowed na t ions  (1-3). 
Recent app ra i sa l s  ( Table 1 ) s e t  u l t i m a t e  i n -p lace  resources i n  ' 2  1 / 2 f t  
t h i c k  seams under l ess  than 2500 f t  o f  cover a t  some 518 b i l l i o n  tons; 
and p r e l i m i n a r y  est imates from deeper t e s t h o l e  logs suggest t h a t  s i m i l a r ,  
i f  n o t  even la rge r ,  tonnages may l i e  i n  coal occurrences a t  depths between 
2500 and 4500 f e e t .  

But t h e r e  a re  wide reg iona l  d i s p a r i t i e s  w i t h  respect  t o  d i s t r i b u -  
t i o n  and coal type. 

Except for a r e l a t i v e l y  smal l  ('500 m i l l i o n  ton)  l i g n i t e  depos i t  
in no r the rn  O n t a r i o ' s  James Bay area, t he  Centra l  reg ion  ( i - e . ,  Quebec, 
On ta r io  and Manitoba) which accommodates some 70% o f  t he  c o u n t r y ' s  popu- 
l a t i o n  and t h e  g r e a t e r  p a r t  o f  i t s  i ndus t r y ,  i s  devoid o f  coa l ;  and the 
Mar i t ime  Provinces ( p r i n c i p a l l y  Nova Scot ia)  con ta in  l e s s  than 2% o f  
Canada's t o t a l  coal - most ly  Carboniferous hvb coa l  which c l o s e l y  resembles 
i t s  Eastern US counterpar ts .  

The g r e a t  b u l k  o f  Canadian coa l  i s  concentrated i n  t h e  th ree  
Western prov inces (Saskatchewan, A l b e r t a  and B r i t i s h  Columbia). 
I n  t h i s  reg ion,  i t  i s  o f  Cretaceous and/or T e r t i a r y  age, w i t h  rank 
g e n e r a l l y  i nc reas ing  i n  a w e s t e r l y  d i r e c t i o n  toward the  Rocky Mountains. 
Although conta ined i n  d i f f e r e n t  geo log i ca l  format ions (which, i n  A lber ta ,  
form three p a r t i a l l y  ove r lapp ing  coal zones), t he  l i g n i t e s  o f  Saskatche- 
wan thus g i v e  way t o  subbituminous coals  i n  the  A lbe r ta  P la ins ,  and the 
l a t t e r  success ive ly  t o  hvb, mvb and l v b  coals  in  the  Mountain reg ions 
f u r t h e r  west. 

Table 1 sumnarizes l a t e s t  a v a i l a b l e  da ta  respec t i ng  reserves o f  
these c lasses o f  coa l .  

As ma t te rs  stand, t h e  low-rank coals of Western Canada (as w e l l  
as some hvb coal  i n  t h e  Mar i t imes)  a r e  now b e i n g  i n c r e a s i n g l y  used f o r  
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generat ion o f  e l e c t r i c  energy, and m e t a l l u r g i c a l  (mvb and I vb )  coals  a re  
be ing p r i m a r i l y  produced for expor t  (no tab ly  Japan, though o t h e r  markets 
a r e  being developed i n  Korea, South America and Western Europe). 
t h e  l a rge  reserves o f  near-surface subbituminous coals  and 1 i g n i t e s  a r e  
a l s o  be ing  looked upon as f u t u r e  sources o f  s y n t h e t i c  f u e l  gases and 
l i q u i d  hydrocarbons, and cou ld  the re fo re  augment p roduc t i on  o f  s y n t h e t i c  
crude o i l s  from, e.g., Nor thern A l b e r t a ' s  o i l  sands ( 4 ) .  

But  

A no tab le  fea tu re  o f  t h e  Western Canadian coals  i s  t h e i r  low 
su lphur  content  (usua l l y ,  <0.5%) which tends, however, t o  be p a r t l y  o f f -  
s e t  by h ighe r  minera l  ma t te r  contents  than a r e  associated w i t h  t he  
Eastern coals. As w e l l ,  the b i tuminous coa ls  i n  the  mountain b e l t s  a r e  
t y p i c a l l y  de f i c ien t '  i n  v i t r i n i t e ,  which o f t e n  represents less than 50% 
o f  the coal "substance" and o n l y  occas iona l l y  reaches 70-75%, b u t  t h i s  
i s  compensated by the  f a c t  t h a t  m i c r i n i t e s  and s e m i f u s i n i t e s  tend t o  be 
" react ive"  c o n s t i t u t e n t s  when t h e  coals  a r e  carbonized. Notwi thstanding 
t h e i r  low f l u i d i t y  ( r a r e l y  >IO00 dd/min), Western mvb coa ls  t h e r e f o r e  
make e x c e l l e n t  m e t a l l u r g i c a l  cokes when carbonized i n  s u i t a b l y  propor-  
t i oned  blends. 

But, perhaps r e f l e c t i n g  t h e i r  unique pe t rog raph ic  make-up as much 
as a more bas i c  chemist ry  which may s e t  them apar t  from t h e i r  Carboni f -  
erous equ iva len ts ,  t h e  Western coals  a l s o  tend t o  respond d i f f e r e n t l y  t o ,  
e.g., o x i d a t i o n  and t h e  a c t i o n  o f  so l ven ts  on them. A i r - o x i d a t i o n  a t  
150"C, i ns tead  o f  develop ing a c i d  oxygen func t i ons ,  incorporates much o f  
t h e  chemisorbed oxygen i n  carbonyl groups, and s o l u b i l i t y  i n  C H C l  ( a f t e r  
shock-heating to-40O0C) i s  s u b s t a n t i a l l y  sma l le r  than t h e  FSI wo2ld lead 
one t o  expect from c o r r e l a t i o n s  f o r  Carboniferous coa ls  (5) .  

These, and o the r ,  behaviour d i f f e r e n c e s  have prompted i n i t i a t i o n  
o f  several exp lo ra to ry  s tud ies  i n  o rde r  t o  e l u c i d a t e  the  response o f  
se lec ted  Western coa ls  t o  1 i q u e f a c t i o n  procedures, and t h e  parameters 
t h a t  a f f e c t  t h i s  response. This  paper summarizes some o f  t he  more impor- 
t a n t  observat ions recorded i n  the course o f  t h a t  work. 

1 .  L i q u e f a c t i o n  ( S o l u b i l i z a t i o n )  by I n t e r a c t i o n  w i t h  H-Donors 

To t e s t  i n i t i a l  s o l u b i l i z a t i o n ,  -5'gm samples were reacted w i t h  
10-15 gm o f  t e t r a 1  i n  a t  390+2"C and autogenic  pressures i n  he1 ium-purged, 
sealed heavy-duty Pyrex capsules which were i n s e r t e d  i n t o  a s t a i n l e s s  
s t e e l  bomb charged w i t h  -30 m l  t e t r a l i n  i n  o rde r  t o  counterbalance t h e  
pressures generated i n  the  capsules. Reactions were c a r r i e d  t o  comple- 
t i o n  over  4 h rs ,  a f t e r  which the capsules were cooled t o  room temperature 
and opened i n  a manner t h a t  pe rm i t ted  q u a n t i t a t i v e  a n a l y s i s  o f  a l l  r e -  
a c t i o n  products ( i n c l u d i n g  gaseous products) .  

I n  one se r ies  o f  experiments, res idua l  t e t r a l i n  was removed b y  
hea t ing  the  so l vo l yzed  samples a t  70-80°C i n  vacuo (-0.05 rmn Hg) t o  con- 
s t a n t  weight, and y i e l d s  o f  n o n - v o l a t i l e  products  and t h e i r  s o l u b i l i t i e s  
i n  p y r i d i n e  and i n  benzene were determined. 
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The s o l u b i l i t i e s  thus recorded f o r  13 Western (Cretaceous) coals  
( w i t h  69.6-91.5% carbon, daf) and 8 Carboniferous coals  (80.6-90.9% C, 
d a f )  a r e  shown i n  F igu re  1 ,  and i n d i c a t e  t h a t  

(a) t h e  p y r i d i n e - s o l u b i l i t i e s  o f  reacted Carboniferous subbituminous 
and b i tuminous c o a l s  a r e  s i g n i f i c a n t l y  h ighe r  than those o f  cor- 
responding Cretaceous coals ,  and 

(b) s t r o n g l y  cak ing  Carboni ferous coals  ( w i t h  86-88% C, da f )  tend to 
generate s u b s t a n t i a l l y  more benzene-soluble ma t te r  under the  re- 
a c t i o n  c o n d i t i o n s  of  these experiments. 

What i s ,  however, s t i l l  unc lea r  i s  whether these e f f e c t s  a r i s e  
s o l e l y  from d i f f e r e n t  chemical composit ions (and molecular  con f igu ra -  
t i o n s )  o r  a re  a l so ,  a t  l e a s t  i n  p a r t ,  a consequence o f  t he  Cretaceous 
coa ls  g e n e r a l l y  c o n t a i n i n g  almost tw ice  as much minera l  ma t te r  as t h e  
Carboni ferous samples. 

2. The Role o f  Ether-Linkages i n  S o l u b i l i z a t i o n  o f  Low-Rank 
Carboni ferous Coals by H-Donors 

There i s  some consensus t h a t  format ion o f  asphaltenes i n  the 
e a r l y  stages o f  s o l u b i l i z a t i o n  o f  low-rank b i tuminous coals  r e s u l t s  
f rom cleavage of open e the r -b r idges  (6). But  w h i l e  the  presence o f  
such c o n f i g u r a t i o n s  i n  h igh -  and medium-rank bituminous coals  i s  w e l l  
e s t a b l i s h e d  (7), t h e i r  ex i s tence  i n  less mature coals  remains t o  be un- 
e q u i v o c a l l y  d e m n s t r a t e d .  F r o m  reac t i ons  o f  low-rank bituminous coals  
w i t h  sodium i n  l i q u i d  ammonia o r  potassium in  te t rahyd ro fu ran ,  i t  has, 
i n  f a c t ,  been concluded t h a t  open ether-bonds a r e  absent (8) o r  o n l y  
present  i n  n e g l i g i b l e  concentrat ions (9) .  

The f a i l u r e  t o  de tec t  open e t h e r - I  inkages through t reatment  w i t h  
Na / l i q .  NH could,  o f  course, be due t o  format ion o f  non-cleavable phen- 
ox ides (IOj. We note,  i n  t h i s  connection, t h a t  low-rank coals ,  which 
c o n t a i n  much "unreact ive"  oxygen, a re  a l s o  cha rac te r i zed  by r e l a t i v e l y  
h i g h  concen t ra t i ons  o f  hyd roxy l  groups, and some "unreactive" oxygen 
cou ld  t h e r e f o r e  be q u i t e  reasonably associated w i t h  phenoxy phenol con- 
f i g u r a t i o n s .  However, whereas phenoxy phenols would be expected t o  
r e s i s t  cleavage by hydrogen-ddnors, low-rank coa ls  are, as a r u l e ,  most 
e a s i l y  s o l u b i l i z e d  b y  them; and i n  view o f  t h i s  seeming inconsis tency,  
we thought i t  p e r t i n e n t  t o  reexamine t h e  behaviour o f  oxygen-l inkages 
d u r i n g  i n t e r a c t i o n  w i t h  H-donors. 

The r e a c t i o n s  were c a r r i e d  o u t  under the  same cond i t i ons  as solu- 
b i l i z a t i o n  (see sec. I ) ,  except  t h a t  a constant  2:l donor :subst rate 
(molar) r a t i o  was used; and i n  some t e s t s ,  1,2,3,4-tetrahydroquinoline 
was employed ins tead  o f  t e t r a l i n .  The r e s u l t s  obta ined w i t h  d i f f e r e n t  
e t h e r s  a r e  summarized i n  Table 2. 

D e t a i l e d  d i scuss ion  o f  these f i n d i n g s  w i l l  be presented elsewhere, 
and here we o n l y  w i s h  t o  p o i n t  o u t  t h a t  responses t o  a hydrogen donor 
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tend t o  be q u i t e  c r i t i c a l l y  a f f e c t e d  by very minor  s t r u c t u r a l  d i f f e r e n c e s  
(as w e l l  as by poss ib le  copolymer izat ion o f  donor and subs t ra te ) .  
w h i l e  d iphenyl  e t h e r  remains s u b s t a n t i a l l y  una f fec ted  by exposure t o  a 
donor, i t s  hyd roxy -de r i va t i ves  (phenoxy phenols) o f t e n  d i s p l a y  f a i r l y  
h igh  r e a c t i v i t y .  Taken in  con junc t i on  w i t h  the  f a i l u r e  o f  low-rank coals  
(7) and phenoxy phenols (IO) t o  s u f f e r  reduc t i ve  cleavage when t r e a t e d  
w i t h  sodium i n  l i q u i d  ammonia, t h i s  lends some suppor t  f o r  t he  ex i s tence  
o f  phenoxy phenol e n t i t i e s  on these coals .  

Thus, 

Other observat ions,  however, i n d i c a t e  t h a t  t h i s  n o t i o n  w i l l  r e q u i r e  
more d i r e c t  evidence be fo re  i t  can be accepted. 

The iner tness o f  phenols and phenoxy phenols toward Na / l i q .  NH3 
can be a t t r i b u t e d  t o  the  f a c t  t h a t  phenols a r e  powerful proton-donors 
i n  t h i s  system; and res i s tance  o f  the r e s u l t a n t  anions toward reduc t i on  
i s  be l i eved  t o  r e s u l t  from s t a b i l i z a t i o n  by resonance (10). 
a t i o n  o f  low-rank coals  be fo re  t reatment  w i t h  Na / l i q .  NH3 the re fo re  
o f f e r s  means for e s t a b l i s h i n g  the  presence o f  phenoxy phenol e the rs  i n  
them, an a l t e r n a t i v e  i s  a f fo rded  by the  observat ion t h a t  some phenols 
can be reduced by concentrated s o l u t i o n s  o f  l i t h i u m  (11) :  
r e a c t i o n  a l s o  reduces phenoxy phenols i n  coal ,  a second t reatment  should 
then cause ether-cleavage. 

While a l k y l -  

i f  t h i s  l a t t e r  

We found, however, t h a t  even h i g h l y  concentrated l i t h i u m  (9M)  o r  
sodium (3H) so lu t i ons  d i d  n o t  reduce coal  so t h a t  subsequent t reatment  
increased i t s  hydroxy l  content ;  and i n  p a r a l l e l  t e s t s ,  100% unreacted 
p-phenoxy phenol was always recovered from the  l i t h i u m  so lu t i ons .  

The f a i l u r e  td c leave p-phenoxy phenol by reduc t i on  and subsequent 
s c i s s i o n  o f  t he  ether-bond prompted us t o  examine the p o s s i b i l i t y  o f  
s p l i t t i n g  the  C-0 bond i n  the  a l k y l a t e d  molecule (12). Attempts t o  a l k y l -  
a t e  p-phenoxy phenol w i t h  CgH5Br a f t e r  t reatment  w i t h  l i t h i u m  i n  l i q u i d  
ammonia proved u n i f o r m l y  abo r t i ve ;  b u t  e t h y l a t i o n  i n  Na / l i q .  NH y i e l d e d  
n e a r l y  50% o f  t he  e t h y l a t e d  product, and e t h y l a t i o n  i n  K / l i q .  N13 l e d  t o  
q u a n t i t a t i v e  conversion - w i th -40% o f  t h e  r e a c t i o n  product  recovered as 
p-diethoxybenzene.. P ro tona t ion  i ns tead  o f  e t h y l a t i o n  fu rn i shed  -45% of 
p-dihydroxybenzene. In  t h e  l i g h t  o f  these r e s u l t s ,  we b e l i e v e  t h a t  t he  
ether-bond i n  phenoxy phenols can be cleaved w i t h o u t  p r i o r  a l k y l a t i o n ,  
and consider  i t  s i g n i f i c a n t  t h a t  t reatment  o f  low-rank coal  ( o r  of a 
v i t r i n i t e  f r a c t i o n  from such coal )  w i t h  v a r i o u s l y  concentrated s o l u t i o n s  
o f  potassium in l i q u i d  ammonia d i d  n o t  cause an increased -OH content  
i n  the reacted ma te r ia l .  Nor was t h e h y d r o x y l  content  a f fec ted  by such 
t reatment  a f t e r  p r i o r  exhaust ive me thy la t i on  o f  t h e  coal  w i t h  d imethy l  
su lpha te  and K2C03 i n  acetone (13). 

I t  appears t o  us the re fo re  t h a t  cleavage o f  ether-bonds c o n t r i b u t e s  
1 i t t l e  t o  s o l u b i l i z a t i o n  (and consequent reduct ions o f  the molecular  
weight )  unless the coal  conta ins an apprec iab le  p r o p o r t i o n  o f  open oxygen 
l inkages i n  the  form o f  d i a l k y l  e the rs .  And s i n c e  t h e r e  a r e  i n d i c a t i o n s  
t h a t  such s t r u c t u r e s  a r e  genera l l y  absent (14) one might  t e n t a t i v e l y  con- 
c lude t h a t  molecular  weight  reduct ions du r ing  s o l u b i l i z a t i o n  by H-donors 
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accrue p r i m a r i l y  f rom C - C  bond s c i s s i o n  o r  from s t r u c t u r a l  real ignments 
associated w i t h  e l i m i n a t i o n  o f  oxygen. 
t h i s  by measuring molecular  weight  d i s t r i b u t i o n s  i n  H-donor l i q u e f i e d  
and non-des t ruc t i ve l y  s o l u b i l i z e d  coal products  (see sec. 3 ) .  

3. 

It should be p o s s i b l e  t o  t e s t s  

Non-Destruct ive Solubi  I i z a t i o n  o f  Lw-Rank Bituminous Coal 

Present methods f o r  s o l u b i l i z i n g  coal  ( i n c l u d i n g  reduc t i ve  a l k y l a -  
t i o n  i n  te t rahyd ro fu ran  ( 1 5 j  o r  l i q u i d  ammonia ( 8 ) )  e n t a i l  cleavage o f  
oxygen e the rs ,  s c i s s i o n  o f  C - C  bonds in c e r t a i n  p o l y a r y l - s u b s t i t u t e d  
ethy lenes and, i n  t h e  case of reac t i ons  in  te t rahyd ro fu ran ,  ex tens i ve  
e l i m i n a t i o n  o f  hetero-atoms (16). 

We t h e r e f o r e  draw a t t e n t i o n  t o  a novel  technique which a l l ows  
s o l u b i l i z a t i o n  o f  coal  w.ithout rup tu re  o f  covalent  bonds. This  method 
u t i l i z e s  t h e  f a c t  t h a t  the a c i d i t y  of low-rank coals ,  which i s  thought 
t o  be l a r g e l y  due t o  t h e i r  h i g h  -OH contents ,  can be enhanced by proper 
choice o f  a medium. 

We se lec ted  l i q u i d  ammonia because o f  i t s  pronounced s o l u b i l  i z -  
i n g  c h a r a c t e r i s t i c s  and p w e r f u l  i o n i z i n g  p roper t i es .  A t  -33°C and 
atmospheric pressure, the p b - v a l u e  f o r  a u t o - i o n i z a t i o n  of l i q u i d  am- 
monia [2NH3 % NH20 + NH4 @ ] i s  34; and s i n c e  t h e  equ iva len t  va lue f o r  
wa te r  i s  o n l y  14, many substances ( w i t h  p b - v a l u e s  between 14 and 34) 
which a r e  n e u t r a l  i n  water should be  capable o f  s p l i t t i n g  o f f  protons 
in  l i q u i d  ammonia. A c i d i c  p r o p e r t i e s  i n  l i q u i d  ammonia can be f u r t h e r  
enhanced by i nc reas ing  the  concen t ra t i on  o f  NH @ a t  the expense o f  
p r o t o n i c  NH4 0; and t h i s  can be achieved by a d i i n g  potassium and/or 
sodium amides which w i l l  then a l s o  form t h e  respec t i ve  coal  "sa l ts" .  

To t e s t  t h i s  approach,H5 g samples o f  low-rank v i t r i n i t e ,  each 
-300 mesh (Ty loe r )  were s t i r r e d  f o r  6 h r s  i n  l i q u i d  ammonia (150 m l ;  
-33°C) c o n t a i n i n g  -5 gms o f  potassium amide and-5 g o f  sodium amide. 
(The amides were formed i n  the  medium, be fo re  i n t r o d u c i n g  the  coa l ,  by 
a c t i o n  of anhydrous f e r r i c  ox ide  ( 1  g) o r  f e r r i c  c h l o r i d e  (1.5 g) on 
a l k a l i  metals.) The rea f te r ,  100 m l  of anhydrous e t h y l  e t h e r  was added, 
t h e  suspendedcoal m a t e r i a l  e t h y l a t e d  w i t h  C2H B r  (32 m l ) ,  and the  reac- 
t i o n  m ix tu re  s t i r r e d  u n t i l  a l l  ammonia and e t z e r  had evaporated. F o l I w -  
i n g  a c i d i f i c a t i o n  o f  the res idue w i t h  10% HCI ,  t h e  product  was thoroughly  
washed w i t h  d i s t i l l e d  water, d r i e d  a t  70-80°C i n  vacuo (0.05 mm Hg) and 
analysed. Table 3 sumnarizes the  r e s u l t s  o f  t h ree  consecut ive a l k y l a -  
t i o n s ,  w i t h  each datum be ing  the  average o f  f o u r  independent t e s t  runs. 
The i n i t i a l  e t h y l a t i o n  in t roduced 7-8 e t h y l  groups/100 C atoms i n t o  the 
coal ,  and t h e  r e s u l t s  o f  t h e  second and t h i r d  e t h y l a t i o n s  i n d i c a t e  t h a t  
e s s e n t i a l l y  o n l y  -OH groups were e t h y l a t e d  a t  t h i s  stage. Overa l l ,  how- 
ever ,  over  50% o f  e t h y l  groups in t roduced i n t o  coal  were = l i n k e d  t o  
hydroxy l  f u n c t i o n s .  Since i n  h igher- rank v i t r i n i t e s  no atoms o t h e r  than 
hydroxyl-oxygens a r e  suscep t ib le  t o  e t h y l a t i o n  by t h i s  procedure, i t  i s  
t e n t a t i v e l y  concluded t h a t  a c i d i c  carbon atoms e x i s t  o n l y  i n  low-rank 
coa ls .  
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The most i n t e r e s t i n g  outcome o f  t h i s  work i s  the obse rva t i on  t h a t  
low-rank v i t r i n i t e s  can be rendered s u b s t a n t i a l l y  s o l u b l e  i n  ch loroform 
and p y r i d i n e  by a l k y l a t i n g  coal s a l t s  formed i n  a non-reducing medium and 
under cond i t i ons  tha t  e f f e c t i v e l y  prec lude cleavage o f  cova len t  bonds. 

The s o l u b i l i t y  o f  coal  t r e a t e d  as above can be f u r t h e r  enhanced 
by i n t roduc ing  longer  a l k y l  chains. While, on r e d u c t i v e  a l k y l a t i o n ,  t h i s  
could lead t o  d imer i za t i on  and fo rma t ion  o f  o t h e r  by-products, non- 
reduc t i ve  a l k y l a t i o n  i s  n o t  accompanied by such s i d e - e f f e c t s .  Moreover, 
because o f  a s i g n i f i c a n t  reduc t i on  i n  t h e  number o f  a c i d i c  s i t e s ,  a c i d -  
base assoc ia t i ons  a r e  a l s o  e s s e n t i a l l y  excluded, and t h e  a l k y l a t e d  
product  should, t he re fo re ,  be amenable t o  GPC f r a c t i o n a t i o n .  Such f rac-  
t i ona t i on ,  conducted on B i o  Beads S - X I  and S - X 2 ,  r e s u l t s  i n  separa t i on  
by molecular weight  and i n d i c a t e s  t h a t  bo th  benzene and ch loroform 
e x t r a c t s  con ta in  subs tan t i a l  amounts o f  h igh  (-6000) and f a i r l y  low 
(560-640) molecular weight  f r a c t i o n s  (F igu re  2 ) .  While the  e x t r a c t  
y i e l d s  from non-reduct ive ly  e t h y l a t e d  v i t r i n i t e  increase i n  t h e  o rde r  
benzene e x t r .  -. chloroform e x t r .  -+ p y r i d .  e x t r . ,  t h e  molecular  weights ,  
determined by VPO i n  p y r i d i n e ,  decrease i n  t h i s  order .  

F igure 3 shows GPC f r a c t i o n a t i o n  o f  t he  benzene e x t r a c t  o f  a 
v i t r i n i t e  which, be fo re  a s i n g l e  non-reduct ive e t h y l a t i o n ,  was t r e a t e d  
w i t h  tetrahydronaphthalene a t  390°C. Although s o l v o l y s i s  reduced t h e  
-OH contents ( f rom 4.9 t o  1 .7%) ,  non-reduct ive a l k y l a t i o n  increased the  
benzene-so lub i l i t y  o f  t he  so l vo l yzed  m a t e r i a l  f rom 53% t o  80.2%. I t  
appears t h a t  t h i s  e f f e c t  i s  due t o  e t h y l a t i o n  o f  a c i d i c  carbon atoms. 

The ex is tence o f  a s u b s t a n t i a l  number o f  a c i d i c  carbons i n  a 
product  obta ined by thermal t reatment  o f  a v i t r i n i t e  i n  a reducing 
medium a t  390"C, but  absence o f  such carbons i n  h igher- rank coals  r a i s e s  
an i n t e r e s t i n g  quest ion about the  r o l e  o f  temperature i n  c o a l i f i c a t i o n .  

Analys is  o f  t he  r e s u l t s  presented i n  Figures 2 and 4 appears t o  
i n d i c a t e  t h a t  s o l v o l y s i s  o f  t h e  v i t r i n i t e  i s  a l s o  accompanied by p o l y -  
mer i za t i on  (see p y r i d i n e  e x t r a c t ,  F igure 4) .  I f  t h i s  can be conf i rmed,  
i t  would be wor th i n v e s t i g a t i n g  whether i t  invo lves  s p e c i f i c  f r a c t i o n s  
i n  the  o r i g i n a l  v i t r i n i t e  o r  has a random character .  S o l v o l y s i s  o f  
d i f f e r e n t  molecular weight  f r a c t i o n s  o f  a non - reduc t i ve l y  a l k y l a t e d  
v i t r i n i t e  (o r  coa l )  may f u r n i s h  some i n s i g h t .  
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Table 1. U l t ima te  in-p lace coal  resources i n  Canada (Energy. n ines S 
Resources, Canada, Report EP 77-5, 1976 Assessment 

Reg ion In-place, b i l l i o n  
tons P r i n c i p a l  coal  type 

f lar i t ime Provinces 
Nova Scot ia  
New Brunswick 1.7 hvb (Carb.) 

Western Region 
Saskatchewan 38.8 
A lber ta*  - P la ins  360.0 

Footh i  11s 10.0 
Mounta i ns 30.0 

77.8 
B r i t i s h  Columbia 

l i g n i t e  (Ter t . )  
subb i t .  (U.Cret. t Tert . )  
l vb ,  mvb, hvb (Cret . )  
Ivb,  mvb, hvb (Cret . )  
mvb, l v b  (Cret . )  
subb i t .  (Ter t . )  

Canada Tota l  518.3 
~ _ _ _ ~  ~~~ 

*A f te r  Energy Resources Conservation Board. Report 77-31, December 1976 

Table 3. Non-reduct ive e t h y l a t i o n  o f  Carboni ferous v i t r i n i t e "  
i n  l i q u i d  ammonia 

~ 

E thy l  groups Chloro- P y r i o l  ine 
i n t r .  per form S o l u b i I i t \  
100 mg Cat. Solub- 

i l i t y  

I E t h y l a t i o n  7-8 25 45-50 

I I  E t h y l a t l o n  8-9 45-50 55-60 

1 1 1  E t h y l a t i o n  9-10 55-60 60-65 

U l t .  ana lys i s  No o f  hydro 
(daf )  x y l  groups 

%C %H %N per 100 mg 
Cat. 

81.0 6.3 1.6 2.8 

81.3 6.8 1.8 2.0 

81.1 7.0 1.5 1.1 

* S o l u b i l i t i e s  o f  un t rea ted  v l t r i n i t e :  CHC13 - 1%; C5NH5 - 13%; 

Elemental ana lys i s  of un t rea ted  v l t r i n i t e  (daf ) :  80.8%C; 5.2% H; 
1.5%N; 0.9% 5; 5.0% OOH 
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Figure 1 .  Solubi 1 ities after treatment with tetrahydronaphthalene 
at 3 9 0 ° C  for 4 hours 
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SHORT RESIDENCE TIME COAL LIQUEFACTION 

J.  R. Longanbach, J .  W. Droege and S .  P. Chauhan 

B a t t e l l e ' s  Columbus L a b o r a t o r i e s  
505 King Avenue 

Columbus, Ohio 43201 

INTRODUCTION 

Based on p r i o r  work r e p o r t e d  by t h e  Mobil Research and Development Corpora- 
t i o n ,  a two-step c o a l  l i q u e f a c t i o n  p r o c e s s  seems t o  h a v e  p o t e n t i a l  f o r  s a v i n g s  on 
hydrogen usage  compared t o  convent iona l  s o l v e n t - r e f i n e d  c o a l  (SRC) technology.  ( l )  
f i r s t  s t e p  c o n s i s t s  o f  a s h o r t  c o n t a c t  t ime,  r e l a t i v e l y  low tempera ture ,  low p r e s s u r e  
r e a c t i o n  of c o a l  w i t h  a c o a l  der ived  s o l v e n t  i n  t h e  absence  of molecular  hydrogen. 
T h i s  i s  fo l lowed by a s h o r t  c o n t a c t  t i m e ,  h i g h  p r e s s u r e  and tempera ture  r e a c t i o n  of 
t h e  products  i n  t h e  p r e s e n c e  of molecular  hydrogen. The purpose of t h e  f i r s t  step 
i s  p r i m a r i l y  t o  d i s s o l v e  t h e  c o a l .  A f t e r  removal of unreac ted  c o a l  and m i n e r a l  
m a t t e r ,  t h e  second s t e p  i s  c a r r i e d  o u t  t o  reduce  t h e  s u l f u r  l e v e l  of t h e  product and 
t o  r e g e n e r a t e  t h e  s o l v e n t .  Decreased hydrogen consumption is expec ted  t o  r e s u l t  
from t h e  s h o r t  c o n t a c t  t imes and t h e  removal of m i n e r a l  matter and s u l f u r  b e f o r e  t h e  
a d d i t i o n  of m o l e c u l a r  hydrogen. 

The 

EXPERIMENTAL 

The a p p a r a t u s  c o n s t r u c t e d  t o  c a r r y  o u t  t h e  experiments c o n s i s t e d  of a 1- 
l i t e r ,  s t i r r e d  a u t o c l a v e  (AC1) used t o  p r e h e a t  t h e  s o l v e n t - c o a l  s l u r r y  connected 
t o  a 2 - l i t e r ,  s t i r r e d  a u t o c l a v e  (AC2) equipped wi th  a n  i n t e r n a l  h e a t i n g  c o i l  t o  
b r i n g  t h e  s o l v e n t - c o a l  s l u r r y  r a p i d l y  t o  a c o n s t a n t  r e a c t i o n  t e m p e r a t u r e .  The 
appara tus  was l a t e r  modi f ied  by t h e  a d d i t i o n  of a t h i r d  a u t o c l a v e  (AC3) t o  a c t  as 
a quench v e s s e l .  T h i s  allowed d i r e c t  d e t e r m i n a t i o n  of  t h e  m a t e r i a l  l o s t  i n  each 
t r a n s f e r  s t e p  and an unambiguous d e t e r m i n a t i o n  of t h e  product  y i e l d .  Two of t h e  
experiments r e q u i r e d  a h igh-pressure  hydrogen atmosphere.  A t h e r m o s t a t t e d  hydrogen 
c y l i n d e r  was added w i t h  a p r e c i s e  p r e s s u r e  gauge t o  de te rmine  t h e  hydrogen gas  
ba lance  i n  t h e s e  exper iments .  A drawing of t h e  3-au toc lave  a p p a r a t u s  is shown i n  
F igure  1. The s l u r r y  t r a n s f e r  l i n e s  were h e a t - t r a c e d  1/4-inch t u b e s  equipped wi th  
quick-opening v a l v e s  which could  be manually o p e r a t e d  through a s a f e t y  b a r r i e r .  
AC2 was equipped w i t h  a thermocouple i n  t h e  a u t o c l a v e  body as w e l l  as i n  t h e  s o l u -  
t i o n  f o r  p r e c i s e  tempera ture  c o n t r o l .  During v e n t i n g ,  t h e  gas  passed  through a 
t r a p  t o  condense l i q u i d s ,  a g a s  sample p o r t ,  an H2S s c r u b b e r ,  and a wet t e s t  meter 
t o  measure H7.S f r e e  g a s  volume. 

The e x p e r i m e n t a l  procedure c o n s i s t e d  of p r e h e a t i n g  t h e  c o a l - s o l v e n t  s l u r r y  
t o  250 C i n  A C 1  w h i l e  AC2 was heated empty t o  s l i g h t l y  h i g h e r  t h a n  t h e  d e s i r e d  
tempera ture .  The s l u r r y  was t r a n s f e r r e d  t o  AC2 and t h e  i n t e r n a l  h e a t e r  was used t o  
b r i n g  t h e  s l u r r y  r a p i d l y  t o  c o n s t a n t  r e a c t i o n  tempera ture .  T y p i c a l l y ,  h e a t u p  re- 
qui red  3.4 I 0 . 6  min and t h e  tempera ture  remained c o n s t a n t  w i t h i n  ? 1 . 0  degrees  
dur ing  t h e  r e a c t i o n  p e r i o d .  Small  v a r i a t i o n s  i n  h e a t u p  t i m e  d i d  n o t  a f f e c t  t h e  re-  
a c t i o n  s i n c e  most of t h e  h e a t u p  time was s p e n t  below 415 C where t h e  r e a c t i o n  was 
slow. A f t e r  t h e  r e a c t i o n  was complete t h e  s l u r r y  was t r a n s f e r r e d  back t o  A C 1  o r  
t o  AC3 where i t  was quenched t o  250 C u s i n g  an  i n t e r n a l  c o o l i n g  c o i l .  A f t e r  t h e  
g a s e s  were vented  t h e  s l u r r y  was t r a n s f e r r e d  t o  a h e a t e d  f i l t e r  and f i l t e r e d  a t  
250 C .  

The product workup c o n s i s t e d  of c o n t i n u o u s l y  e x t r a c t i n g  t h e  f i l t e r  cake 
w i t h  t e t r a h y d r o f u r a n  (THF) and combining t h e  proper  p r o p o r t i o n s  of  THF and f i l t r a t e  
t o  make up a sample f o r  d i s t i l l a t i o n .  
r o u t i n e  e x t r a c t i o n  of t h e  THF e x t r a c t e d  f i l t e r  cake  w i t h  p y r i d i n e  and t h e  i n c h -  
s i o n  of t h e  p y r i d i n e  e x t r a c t  i n  t h e  l i q u i d  p r o d u c t s .  The e n t i r e  h o t  f i l t ra te -THF 
and  p y r i d i n e  e x t r a c t  was d i s t i l l e d  t o  e l i m i n a t e  any q u e s t i o n s  r e g a r d i n g  t h e  use o f  

The procedure  w a s  l a t e r  modi f ied  t o  inc lude  

52 



a r e p r e s e n t a t i v e  sample f o r  d i s t i l l a t i o n .  
fo l lowing  f r a c t i o n s ,  THF (b.p.  < l o 0  C ) ,  l i g h t  o i l  (b .p .  100-232 C),  So lven t  (b .p .  
232-482 c ) ,  and SRC ( d i s t i l l a t i o n  r e s i d u e  b .p .  >482 C).  

D i s t i l l a t i o n  cuts were made t o  give the 

MATERIALS 

The c o a l  used f o r  experiments  1-28 was s u p p l i e d  from t h e  W i l s o n v i l l e  SRC 
I t  was a blend of West Kentucky 9 and 1 4  seam c o a l  p i l o t  p l a n t ,  Sample No. 15793. 

from t h e  Co lon ia l  ? l ine of  t h e  P i t t s b u r g h  and Midway Coal Company. The Coal used i n  
experiments  29-37 was s i m i l a r  b u t  con ta ined  0.39 weight  p e r c e n t  more o rgan ic  S u l f u r  
than the  f i r s t  c o a l .  Analyses of bo th  c o a l s  a r e  shown i n  Tab le  1. 

TABLE 1. ANALYSES OF STARTING COALS 
(As-Received Bas i s )  

Coal Type 

Source 

Proxinate Analysis, wt X 

Hois Cure 
Ash 
V o l a t i l e  matter 
Fixed carbon 

Ultimate Analysis, w t  I 
Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxygen 

Sulfur Types, w t  X 
Total  
P y r i t i c  
Su l fa te  
Su l f ide  
Organic (by di f f erence )  

West Kentucky 9/14 

Colonial  Mine") 

5.72 
12.71 
34.7 
47.5 

66.0 
4.7 
1.3 
3.75 

12.2 

3.77 
1.96 

0.64, 0.56 
0.01 
1.16 

West Kentucky 9/14 

Pi t t sburgh  b 
Midway Coal Company 

2.71 
8.90 

36.9 
51.49 

70.0 
4.8 
2.4 
3.16 

10.74 

3.16 
1.30 
0.31 

1.55 
-- 

( a )  Source of coa l  used a t  W i l s o n v i l l e ,  SRC Quarterly Report #I, 
June 2 5 .  1976, p 2. 

The so lven t  used f o r  expe r imen t s  1-28 was r e c y c l e  s o l v e n t  o b t a i n e d  from t 
t h e  W i l s o n v i l l e  SRC p i l o t  p l a n t ,  Sample No. 20232. An a n a l y s i s  and d i s t i l l a t i o n  
da ta  f o r  the  s o l v e n t  a r e  shown i n  Table  2 .  The s o l v e n t  con ta ined  5 p e r c e n t  of 
m a t e r i a l  b o i l i n g  below 232 C ,  t h e  c u t o f f  p o i n t  between l i g h t  o i l  and SRC i n  t h e  
product  d i s t i l l a t i o n  and 4-5 p e r c e n t  of m a t e r i a l  b o i l i n g  above 482 C ,  t h e  c u t o f f  
po in t  between s o l v e n t  and SRC. 

I j 
A blend of W i l s o n v i l l e  r e c y c l e  s o l v e n t  ( 7 5  weight  p e r c e n t ) ,  and 1 ,2 ,3 ,4 -  

t e t r ahydronaph tha lene ,  J. T.  Baker Company P r a c t i c a l  Grade (25 we igh t  p e r c e n t ) ,  w a s  
prepared f o r  use a s  t h e  s o l v e n t  i n  expe r imen t s  29-37. Analyses  and d i s t i l l a t i o n  d a t a  
a r e  a l s o  given i n  Table  2 .  T e t r a l i n  b o i l s  below 232 C and was c o l l e c t e d  i n  t h e  
l i g h t  o i l  d i s t i l l a t i o n  f r a c t i o n  d u r i n g  p roduc t  workup. 
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TABLE 2 .  SOLVENT ANALYSES 

3:l Wilsonv i l l e  Recycle 
Wi l sonv i l l e  Recycle Solvent Solvent-Tetral in 

Ultimate Analysis .  wt  X 
a s  received 

Uoi s tcre  (benzene azeotrope) 
Ash <0.01 
Carbon 87 .8  
Hydrogen 7 . 8  
Nitrogen 0 . 7  
Sulfur 0 .27  
Oxygen (by d i f f erence )  3 .42  
E/C 1 . 0 7  

Trace 
0.10 

87.9 
8 . 3  
0 . 6  
0.2: 
2.89 
1 .13  

Cumulative Cumulative 

Tenp, C Z of  Sample Temp. C 2 of  5mple  
Corrected Volume D i s t i l l e d  Corrected Volume D i s t i l l e d  

216 IBP 20 1 IBP 
248 10 210 4 
25 3 20 214 1 7  
a67 30 225 28 
281 40 236 36 
299 50 260 47 
319 60 310 68 
356 70 340 76 
406 80 390 86 
431 90 430 90 
444 95 .5  481 9 4 . 5  

,444 4 .5  w t  X res idue  >481 4 . 1  w t  X residue 

RESULTS AND DISCUSSION 

Four v a r i a b l e s  were s t u d i e d  i n  t h e  f i r s t  p a r t  of t h e  exper imenta l  program 
which examined t h e  f i r s t  s t e p  of  t h e  proposed two-step p r o c e s s .  The v a r i a b l e s  were 
r e a c t i o n  tempera ture  (413-454 C) s o l v e n t  t o  c o a l  r a t i o  ( 2 : l  and 3:1), r e s i d e n c e  time. 
(0-5 minutes ) ,  and p r e s s u r e  (300-1800 p s i ) .  Recycle  s o l v e n t  from t h e  W i l s o n v i l l e  SRC 
p i l o t  p l a n t  was used in a l l  of t h e s e  exper iments .  L a t e r ,  m o l e c u l a r  hydrogen and 
r e c y c l e  s o l v e n t  c o n t a i n i n g  25 weight p e r c e n t  t e t r a l in  were used i n  f o u r  experiments,  
a l l  a t  441 C f o r  2 m i n u t e s .  
s t e p ,  where hydrogenated  s o l v e n t  and molecular  hydrogen would b e  used t o  lower t h e  
s u l f u r  c o n t e n t  of t h e  p r o d u c t .  

These exper iments  were des igned  t o  s i m u l a t e  t h e  second 

THF Conversion 

T e t r a h y d r o f u r a n  (THF) convers ion  was c a l c u l a t e d  from t h e  d i f f e r e n c e  between 
t h e  i n i t i a l  and t h e  f i n a l  s o l u b i l i t i e s  of t h e  t o t a l  c o a l - s o l v e n t  s l u r r y  i n  THF. THF 
convers ions  were c a l c u l a t e d  on an MAF c o a l  b a s i s  and a d j u s t e d  f o r  t h e  c o a l  not reco- 
v e r e d  f r o n  t h e  a u t o c l a v e s .  The f i l t e r  cake  r e s u l t i n g  from f i l t r a t i o n  of t h e  product 
a t  250 C was c o n t i n u o u s l y  e x t r a c t e d  w i t h  THF f o r  up t o  t h r e e  days .  The THF s o l u b l e  
convers ion  f i g u r e s  may b e  too  h i g h  however, s i n c e  h o t  r e c y c l e  s o l v e n t  i s  probably a 
b e t t e r  s o l v e n t  f o r  c o a l  l i q u i d s  than  THF and may Save d i s s o l v e d  some m a t e r i a l  i n  the  
h o t  f i l t r a t i o n  which would be i n s o l u b l e  in THF. 

F i g u r e  2 shows THF convers ion  p l o t t e d  as a f u n c t i o n  of r e a c t i o n  time and 
tempera ture  a t  3 : l  s o l v e n t / c o a l  r a t i o .  The THF s o l u b l e s  appear  t o  be formed a s  un- 

1 s t a b l e  i n t e r m e d i a t e s  in t h e  t o t a l  r e a c t i o n  sequence. The low m o l e c u l a r  weight THF 
s o l u b l e s  may be a b l e  t o  combine i n  t h e  absence of  hydrogen t o  form h i g h e r  molecular 
weight  materials which are i n s o l u b l e  i n  THF. A t  413 C ,  THF s o l u b l e s  i n c r e a s e  
1 Y  between 0 and 2 m i n u t e s  and seem t o  be only s l i g h t l y  u n s t a b l e .  A t  429 C ,  most 
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of t h e  THF s o l u b l e s  a r e  produced d u r i n g  t h e  hea tup  p e r i o d .  The format ion  of THF 
s o l u b l e s  is over  by t h e  end of t h e  hea tup  p e r i o d  and decomposition i s  s lowly  t a k i n g  
p l a c e  a f t e r  "zero" r e a c t i o n  t i m e  a t  441 C ,  and a t  454 C t h e  p r o d u c t i o n  of THF so lu-  
b l e s  i s  over b e f o r e  t h e  hea tup  p e r i o d  i s  completed and t h e  thermal  decomposition r e -  
a c t i o n  i s  more r a p i d  t h a n  a t  441 C. 

I n c r e a s i n g  t h e  s o l v e n t  t o  c o a l  r a t i o  might be expec ted  t o  have t h e  e f f e c t  
of s t a b i l i z i n g  the  THF s o l u b l e  m a t e r i a l s  by making a v a i l a b l e  more hydrogen from t h e  
s o l v e n t .  However t h e  changes in THF convers ion  as a f u n c t i o n  of s o l v e n t  t o  Coal 
r a t i o  a t  1 minute r e s i d e n c e  t ime and 427-441 C a r e  r e l a t i v e l y  small .  THF s o l u b l e  
convers ion  i s  i n c r e a s e d  by t h e  presence  of bo th  molecular  hydrogen i n  t h e  g a s  phase 
and t e t r a l i n  added t o  t h e  s o l v e n t .  

S o l u b i l i t i e s  of  t h e  products  i n  THF followed by p y r i d i n e  were determined 
f o r  some of t h e  exper iments .  The convers ions  t o  p y r i d i n e  s o l u b l e s  averaged 1 . 6  
weight percent  more than  t h e  c o n v e r s i o n s  t o  THF s o l u b l e s .  

SRC Yie lds  

SRC y i e l d  i s  d e f i n e d  as t h e  m a t e r i a l  which i s  s o l u b l e  i n  t h e  h o t  f i l t r a t e  
p l u s  t h e  m a t e r i a l  i n  t h e  f i l t e r  cake which i s  s o l u b l e  i n  THF w i t h  a b o i l i n g  p o l n t  
above 482 C .  A l l  of t h e  SRC y i e l d s  have been c a l c u l a t e d  on a n  MAF c o a l  and MAF S.RC 
b a s i s .  The y i e l d s  of SRC would normally b e  s m a l l e r  than  t h e  THF s o l u b l e  convers ions  
were i t  no t  f o r  t h e  presence  of t h e  s o l v e n t .  Components o f  t h e  s o l v e n t  r e p o r t e d  t o  
the  SRC f r a c t i o n  e i t h e r  by r e a c t i n g  w i t h  t h e  SRC or by polymer iz ing  t o  h i g h e r  mo- 
l e c u l a r  weight m a t e r i a l s  which appear  i n  t h e  SRC d i s t i l l a t i o n  f r a c t i o n .  
4-5 weight p e r c e n t  of  t h e  s t a r t i n g  s o l v e n t  b o i l e d  above 4 8 2  C and w a s  i n c l u d e d  i n  
t h e  SRC d u r i n g  d i s t i l l a t i o n .  

I n  a d d i t i o n ,  

F i g u r e  3 i s  a p l o t  of SRC y i e l d  v e r s u s  t ime and tempera ture  a t  3 : l  s o l v e n t  
t o  c o a l  r a t i o .  SRC y i e l d s  a r e  shown to  d e c r e a s e  a t  413 C and 427 C and t o  i n c r e a s e  
a t  441 C and p o s s i b l y  454 C a s  a f u n c t i o n  of  i n c r e a s i n g  r e a c t i o n  t ime a t  tempera ture .  
One e x p l a n a t i o n  f o r  t h e s e  r e s u l t s  l i e s  i n  t h e  thermal  i n s t a b i l i t y  of t h e  s o l v e n t .  The 
product of t h e  i n t e r a c t i o n  of SRC w i t h  s o l v e n t  may decompose a t  413 and 4 2 7  C r e l e a s -  
i n g  s o l v e n t  molecular  weight  m a t e r i a l  w h i l e  a t  441-454 C t h e  s o l v e n t  may polymer ize  
t o  h e a v i e r  molecular  weight p r o d u c t s  which d i s t i l l  w i t h  t h e  SRC f r a c t i o n .  

There was a d e c r e a s e  i n  SRC y i e l d  when t e t r a l i n  was added t o  t h e  s o l v e n t  
bu t  a s l i g h t  i n c r e a s e  when an  o v e r p r e s s u r e  of hydrogen w a s  used .  The d e c r e a s e  w i t h  
added t e t r a l i n  was probably  due t o  t h e  f a c t  t h a t  t h e r e  w a s  l e s s  h i g h  b o i l i n g  s o l v e n t  
p r e s e n t ,  p a r t  of which appeared a s  SRC when t h e  d i s t i l l a t i o n  c u t  was made a t  4 8 2  C .  

Qual i ty  of SRC 

The am@unt of ash and p a r t i c u l a r l y  s u l f u r  i n  t h e  SRC a r e  as impor tan t  as 
t h e  y i e l d .  I f  the  SRC i s  t o  be used as a c l e a n  b o i l e r  f u e l  i n  p l a c e  of  o i l ,  t h e  
ash  c o n t e n t  must be q u i t e  low and t h e  s u l f u r  c o n t e n t  must be low enough to meet t h e  
new s o u r c e  s t a n d a r d s  f o r  SO2 emiss ions  dur ing  combustion. Average a n a l y s e s  f o r  SRC 
made from both  c o a l s  a r e  shown i n  T a b l e  3. A s  e x p e c t e d ,  t h e  average  SRC produced 
i n  t h e  f i r s t  s t e p  of  t h e  two-step p r o c e s s ,  even u s i n g  a West Kentucky 9/14 c o a l  
blend w i t h  an unusual ly  low o r g a n i c  s u l f u r  c o n t e n t  (Coal Sample 1) would y i e l d  1.34 
l b  SOz/MM Btu d u r i n g  combustion and would n o t  meet t h e  p r e s e n t  new s o u r c e  s t a n d a r d s .  

1 
I 
1 
i, There  appears  t o  b e  a n  i n c r e a s e  i n  t h e  s u l f u r  c o n t e n t  of  t h e  SRC prepared  

w i t h  2 5  weight p e r c e n t  added t e t r a l i n  i n  t h e  s o l v e n t .  
absence of a s u l f u r  d i l u t i o n  e f f e c t  which t a k e s  p l a c e  bhen low s u l f u r  c o n t e n t  s o l -  

n o t  a f f e c t  t h e  s u l f u r  l e v e l  i n  t h e  SRC when t h e  second s t e p  vas c a r r i e d  o u t  a t  441  C 

Again,  t h i s  may b e  due  t o  t h e  

v e n t  appears  i n  t h e  SRC f r a c t i o n .  Adding an  o v e r p r e s s u r e  of m o l e c u l a r  hydrogen d i d  
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The s u l f u r  i n  t h e  f i r s t  West Kentucky 9 / 1 4  c o a l  c a n  b e  d i v i d e d  i n t o  organic  
(1 .16  weight p e r c e n t )  and i n o r g a n i c  (2 .61  weight  p e r c e n t )  f r a c t i o n s .  The maximum 
percentage  of  o r g a n i c  s u l f u r  removed i n  t h e  s imula ted  f i r s t  s t e p  was 3 7  p e r c e n t  
(MAF b a s i s )  a t  454 C ,  1 minute  r e s i d e n c e  t i m e ,  a s  s h a m  i n  F i g u r e  3 .  
removed i n  i n c r e a s i n g  amounts w i t h  i n c r e a s i n g  r e a c t i o n  t i m e  and a t  i n c r e a s i n g  r a t e s  
w i t h  i n c r e a s i n g  r e a c t i o n  t e n p e r a t u r e .  S i n c e  t h e r e  w a s  no e f f e c t  of i n c r e a s i n g  s o l -  
v e n t  to c o a l  r a t i o  on s u l f u r  removal,  t h i s  s u g g e s t s  t h a t  hydrogen w a s  no t  b e i n g  
t r a n s f e r r e d  from t h e  W i l s o n v i l l e  r e c y c l e  s o l v e n t  t o  t h e  c o a l  molecule  i n  o r d e r  t o  
remove s u l f u r  a t  t h e  low tempera ture  used i n  t h e  f i r s t  s t e p .  The s u l f u r  removal 
mechanism a t  t h i s  s t a g e  probably  only  i n v o l v e s  thermal  removal of nonth iophenic  
s u i f u r .  

S u l f u r  was 

Other  Reac t ion  Products  

I n  a d d i t i o n  t o  SRC, g a s ,  l i g h t  o i l ,  and a f i l t e r  cake of  unreac ted  c o a l  and 
i n o r g a n i c  m a t e r i a l s  a r e  produced i n  t h e  f i r s t  s t e p  of t h e  s h o r t  r e s i d e n c e  time c o a l  
l i q u e f a c t i c n  p r o c e s s .  One of t h e  o b j e c t i v e s  of s h o r t  r e s i d e n c e  t ime c o a l  l i q u e f a c -  
t i o n  is t o  minimize t h e  loss of hydrogen t o  g a s e s  and l i g h t  o i l .  Unreacted c o a l  
a l s o  r e p r e s e n t s  a loss o f  m a t e r i a l ,  b u t  i t  may b e  g a s i f i e d  t o  produce process  hydro- 
gen .  

The a v e r a g e  q u a n t i t y  and composition o f  gas  from AC1 is shown i n  Table  3 .  
The N - f r e e  g a s  c o n t a i n e d  small q u a n t i t i e s  of CO , H2S, and o t h e r  gases  which r e s u l t e d  
from { e a t i n g  c o a l  t o  250 C. The average  composizion and q u a n t i t y  of t h e  N2-free gas 
produced d u r i n g  t h e  r e a c t i o n  i n  AC2 is a l s o  shown in T a b l e  3 .  Most of t h i s  gas  i s  
probably a l s o  t h e  r e s u l t  of c o a l  decomposition. Only 2 weight p e r c e n t  of t h e  as-fed 
c o a l  goes t o  gas d u r i n g  t h e  f i r s t  s t e p  of  t h e  p r o c e s s .  

TABLE 3 .  AVERAGE ANALYSIS OF SHORT RESIDENCE 
TIME COAL LIQUEFACTION PRODUCTS 

Analysis .  weight percent  Product Fraction F i l t e r  
o f  sample l e t  Coal 2nd Coal Light O i l  Cake Solvent  

-- -- -- _- Noia ture 
Ash 0.17 0 .15  48.4 
Carbon 84 .3  84.9 83.9 42 .7  87.75 
Hydrogen 5 .6  5.75 7 .6  2 .3  7.7 
Nitrogen 1 . 7 5  1 . 7  0 .7  1.0 0 . 7 3  
Sulfur 1.02 1 .37  0 .19  6.16 0.20 
Oxygen (by d i f f e r e n c e )  6 . 7  6 . 2  1 . 7  3 . 4  3.17 
H / C  r a t i o  .797 .813  1.087 1.05 

Gases 
Volume Percent o f  Sample Preheater Reactor 

7 . 8  11 .2  
34.8 10.9 
0 .55  1 . 3  
3 . 5  10 .4  

29.0 31 .3  
3 . 8  23.3 
2 .25 4 . 8  

2 

Others. C3+, by d i f f e r e n c e  18 .83  1.0 

: 4 4  
R*S6 d 
co4 

The H2 p r e s e n t  i n  t h e  gas  i n  AC2 r e p r e s e n t s  2 2  p e r c e n t  of  t h e  s u l f u r  i n  
t h e  c o a l .  
s t e p  of t h i s  c o a l  l i q u e f a c t i o n  p r o c e s s  i s  2 5  p e r c e n t  o f  t h e  t o t a l  sulfur i n  t h e  as- 
f e d  coa l .  
P y r i t i c  s u l f u r  which can  be h a l f  conver ted  t h e r m a l l y  t o  H2S under  t h e  r e a c t i o n  con- 
d i t  ions .  

The t o t a l  amount of s u l f u r  r e l e a s e d  i n t o  t h e  g a s  phase  d u r i n g  t h e  f i r s t  

T h i s  presumably arises from e a s i l y  removed o r g a n i c  s u l f u r  and some of t h e  
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Added t e t r a l i n ,  hydrogen o v e r p r e s s u r e  and i n c r e a s e d  s o l v e n t  t o  c o a l  r a t i o s  
The r e s u l t s  a r e  Complicated by and r e s u l t e d  i n  no measurable  i n c r e a s e  i n  gas  y i e l d .  

c o r r e c t e d  f o r  hydrogen added i n  t h e  expe r imen t s  w i t h  h igh -p res su re  hydrogen. 

f i l t e r  cake composi t ions va ry  widely.  
c r e a s e  while  oxygen and hydrogen and p o s s i b l y  n i t r o g e n  c o n c e n t r a t i o n s  i n  t h e  f i l t e r  
cakes d e c r e a s e .  
c o a l .  
i n  t h e  c o a l  f e e d .  
p y r i t e  decomposi t ion and s u l f a t e  s u l f u r .  

So lven t  Composition and Recovery 

The average f i l t e r  cake a n a l y s i s  i s  a l s o  shown i n  Table  3 .  I n d i v i d u a l  
A s  conver s ion  i n c r e a s e s ,  s u l f u r  and a sh  in-  

The average f i l t e r  cake y i e l d  i s  30 weight  pe rcen t  of t h e  a s - f ed  

T h i s  s u l f u r  i s  made up of t h e  s u l f u r  remaining a f t e r  p a r t i a l  
The s u l f u r  p r e s e n t  i n  t h e  f i l t e r  cake r e p r e s e n t s  49 percen t  of t h e  s u l f u r  

The s o l v e n t  is de f ined  a s  t h e  product  f r a c t i o n  which i s  s o l u b l e  i n  t h e  ho t  
f i l t r a t e  and/or  du r ing  t h e  THF e x t r a c t i o n  of t h e  f i l t e r  cake and which b o i l s  between 
232  C and 482 C a t  a tmosphe r i c  p r e s s u r e .  
l i q u e f a c t i o n  p rocess  i s  t h a t  a t  l e a s t  as much s o l v e n t  be c r e a t e d  a s  is used i n  t h e  
p r o c e s s .  I n  a d d i t i o n ,  t h e  composi t ion of t h e  s o l v e n t  must be kep t  c o n s t a n t  i f  i t  is 
t o  be used a s  a hydrogen donor  and a s  a s o l v a t i n g  a g e n t  f o r  t h e  d i s s o l v e d  c o a l .  

One of t h e  r equ i r emen t s  of a commercial 

The average s o l v e n t  r ecove ry  f o r  t h e s e  expe r imen t s  i n  t h e  absence of hydro- 
gen o r  t e t r a l i n  was 8 9  p e r c e n t ,  c o r r e c t e d  f o r  s o l v e n t  l o s t  i n  t h e  r e s i d u e s  which r e -  
main i n  t h e  a u t o c l a v e s  and by no rma l i z ing  mass b a l a n c e s  from 9 5 . 4  t o  100 p e r c e n t .  
Of t h e  11 p e r c e n t  of t h e  s o l v e n t  unaccounted f o r  d i r e c t l y  du r ing  t h e  r e a c t i o n ,  5-6 
p e r c e n t  i s  c o l l e c t e d  i n  each of t h e  l i g h t  o i l  and SRC f r a c t i o n s  as d i s c u s s e d  e a r l i e r .  
The recovery of s o l v e n t ,  uncor rec t ed  f o r  s t a r t i n g  s o l v e n t  which d i s t i l l e d  i n  t h e  
l i g h t  o i l  and SRC f r a c t i o n s ,  i s  shown as a f u n c t i o n  of r e a c t i o n  time and t empera tu re  
i n  F i g u r e  5 .  There i s  no c o r r e l a t i o n  wi th  t empera tu re .  However, s o l v e n t  r ecove ry  
does i n c r e a s e  wi th  r e a c t i o n  t ime and w i t h  d e c r e a s i n g  s o l v e n t  t o  c o a l  r a t i o .  

Hydrogen T r a n s f e r  

The d a t a  i n d i c a t e  t h a t  t h e r e  was a n e t  consumption of hydrogen i n  t h e  
p re sence  of h igh  p r e s s u r e  hydrogen. 
of h igh  p r e s s u r e  hydrogen is w e l l  e s t a b l i s h e d .  During t h e  l i q u e f a c t i o n  p r o c e s s ,  t h e  
s o l v e n t  i s  presumed t o  dona te  hydrogen t o  t h e  d i s s o l v e d  c o a l  molecules  t o  s t a b i l i z e  
them and prevent  po lymer i za t ion  r e a c t i o n s  which l e a d  t o  coke. I n  t h i s  s t u d y ,  hydro- 
gen t r a n s f e r  was fol lowed by mon i to r ing  t h e  e l emen ta l  a n a l y s i s  of t h e  s o l v e n t  t o  s e e  
i f  a change i n  hydrogen pe rcen tage  o r  H / C  r a t i o  o c c u r r e d .  Comparison of t h e  ave rage  
s o l v e n t  a n a l y s e s  b e f o r e  and a f t e r  r e a c t i o n  i s  complicated by t h e  l o s s  of recovered 
s o l v e n t  t o  S R C  and l i g h t  o i l  f r a c t i o n s  which occur s  du r ing  d i s t i l l a t i o n .  

A n e t  p r o d u c t i o n  of  hydrogen i n  t h e  absence 

The a n a l y s e s  f o r  hydrogen and ca rbon  a r e  t h e  same w i t h i n  expe r imen ta l  er- 
r o r ,  however, i f  as  shown i n  Tab les  2 and 3 ,  hydrogen has  decreased 0 . 1  weight  per- 
cen t  and t h e  H / C  r a t i o  has  dec reased  0.02 on  t h e  ave rage ,  t h i s  means t h a t  approxi-  
mately 1 . 3  pe rcen t  of t h e  hydrogen i n  t h e  s o l v e n t  t r a n s f e r s  t o  c o a l  d u r i n g  l i que -  
f a c t i o n  a t  3 : l  s o l v e n t  t o  c o a l  r a t i o .  T h i s  i n d i c a t e s  t h a t  up t o  85 p e r c e n t  of the  
c o a l  can be converted t o  THF s o l u b l e  m a t e r i a l s  by t r a n s f e r r i n g  hydrogen amounting t o  
l e s s  t han  0 .3  weight  p e r c e n t  of t h e  c o a l  cha rge .  The s o l v e n t ' s  r o l e  i n  t h e  f i r s t  
s t e p  of t h e  p rocess  i s  c l e a r l y  based a s  much on d i s p e r s i n g  and d i s s o l v i n g  t h e  coal  
molecules  r e s u l t i n g  from the rma l  bond b r e a k i n g  a s  i t  is on s t a b i l i z i n g  t h e  molecules  
by hydrogen t r a n s f e r .  

S u l f u r  Balance 

The f a t e  o f  s u l f u r  du r ing  t h e  p r o c e s s  i s  a l s o  impor t an t .  The ave rage  sul- 
f u r  ba l ance  i s  shown below. 
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Percen t  o f  
P roduc t s  S u l f u r  i n  Coal 

Gas 24.9 
Ligh t  O i l  0.4 
SRC 21.2 
F i l t e r  Cake 4L .4 
Solven t  - 

90.9 
About one -qua r t e r  of t h e  s u l f u r  i n  t h e  c o a l  remained i n  t h e  SRC, one- 

q u a r t e r  appeared a s  H2S i n  t h e  g a s e s  and n e a r l y  one-half remained i n  t h e  f i l t e r  cake. 
Hydrogen in t roduced  i n  t h e  second s t e p  would n o t  s e e  t h r e e - q u a r t e r s  of t h e  s u l f u r  
contained i n  t h e  s t a r t i n g  c o a l .  

CONCLUSIONS 

I n  s t e p  one ,  conve r s ion  o f  c o a l  t o  a THF s o l u b l e  p roduc t  was r a p i d .  The 
THF s o l u b l e s  were u n s t a b l e  i n  t h e  p re sence  of a c o a l  de r ived  s o l v e n t ,  b u t  i n  t h e  
absence of hydrogen. I n  s t e p  two, the  a d d i t i o n  of molecular  hydrogen t o  t h e  system 
o r  o f  t e t r a l i n  t o  t h e  s o l v e n t  t o  i n c r e a s e  hydrogen t r a n s f e r  t o  t h e  c o a l  i nc reased  
t h e  THF s o l u b l e  conve r s ion  b u t  d i d  no t  lower t h e  s u l f u r  c o n t e n t  of t h e  SRC. Higher 
t empera tu res  were r e q u i r e d  t o  remove more s u l f u r .  

SRC y i e l d s  were g r e a t e r  t han  100 pe rcen t  due t o  t h e  p re sence  of so lven t  i n  
t h e  SRC. The ave rage  SRC p repa red  from West Kentucky 9 / 1 4  c o a l  b l ends  d i d  n o t  meet 
new source  s t a n d a r d s  f o r  SO’ emiss ions  a f t e r  t h e  f i r s t  s t e p  of t h e  two-step p rocess  2 a l though  a l l  of t h e  i n o r g a n i c  s u l f u r  and an  ave rage  12 p e r c e n t  of t h e  o rgan ic  
s u l f u r  was removed. 

Hydrogen was produced i n  t h e  absence of an o v e r p r e s s u r e  of molecu la r  hydro- 
gen and consumed when hydrogen w a s  p r e s e n t  i n  t h e  system. During s t e p  one of the 
two-step p rocess  less t h a n  0.3 weight  p e r c e n t  hydrogen was t r a n s f e r r e d  from t h e  s o l -  
v e n t  of  t h e  SRC i n  t h e  absence of hydrogen. The s o l v e n t  appea r s  t o  p h y s i c a l l y  s t a -  
b i l i z e  t h e  c o a l .  S o l v e n t  r ecove ry  from s t e p  one w a s  approx ima te ly  100 p e r c e n t  when 
co r rec t ed  f o r  the  amounts of s t a r t i n g  s o l v e n t  which were c o l l e c t e d  i n  t h e  l i g h t  o i l  
and SRC f r a c t i o n s .  
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Wok: Stirrers in 011 outocloves. 
heater in A C 2 ,  ana cootinq 
coil i n A C 3  ore not s h o w n .  
Al l  outoclovcs and fillers 
ore equipped with furnaces 
Dndiemperaturc controls 

FIGURE 1 .  SHORT RESIDENCE TIME COAL LIQUEFACTION APPARATUS - 3 AUTOCLAVES 
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Kinetics of Direct Liquefaction of Coal 
in the Presence of Mo-Fe Catalyst 

Minoru Morita, Shimio Sato and Takao Hashimoto 

Department of Chemical Engineering 
Yamagata University 
Yonezawa 992, Japan 

INRODUCTION 

Many studies on direct coal liquefaction have been carried out 
since the 19101s, and the effects of kinds of coal, pasting oil and 
catalyst, moisture, ash, temperature, hydrogen pressure, stirring and 
heating-up rate of paste on coal conversion, asphaltene and oil yields 
have been also investigated by many workers. However, few kinetic 
studies on their effects to reaction rate have been reported. 

In this present study, the effects of kinds of coal, pasting oil, 
catalyst and reaction temperature on coal liquefaction are illustrated, 
and a few kinetic models for catalytic liquefaction of five coals 
carried out in a autoclave reactor are proposed. 

RESULTS and DISCUSSION 

I) Experimentels in catalyst and reaction rate 
Experimental procedure 
Five coal materials were used in this study. These were Miike, 

Taiheiyo, Hikishima (Japanese coals) , lorwell (Australian) and Bukit 
Asam (Indonesian) coals. The proximate and ultimate analyses of these 
coals, on a moisture-free basis, are shown in Table 1. A11 o f  catalysts 
were powdered before use. In all of the experiments powdered coal 
(passed through 80-mesh sieve), 3.3 $ of catalyst (calculated on the . 
coal charge), a steel ball (10 ma)  and vehicle were charged to the 0.3 
o r  0.5-liter autoclave reactor in the required ratio. The reactor was 
flushed and filled with cold hydrogen to an initial pressure of 100 
kg/cm2-gauge at room temperature, heated to reaction temperature at a 
heat-up rate of about 4°C per minite, held at constant temperature for 
the desired lenght of time, and cooled to room temperature at a heat- 
down rate of about 3'C per minite. Then the autoclave residue was ex- 
tracted with benzene end n-hexane in Soxhlet apparatus, and the pro- 
portion of ttasphaltenell (defined as the benzene-soluble, n-hexane in- 
soluble material), and 'loil" (the benzene, n-hexane soluble material) 
in the liquefied product was determined. 
(1-2) Results of experiments 
(A) Effect of pasting oil on liquefaction 
(1) Chargedratio of coal to pasting oil 

pendent of the charged ratio and had constant value about 80-90 $. 
while liquefaction percentage was decreased with increasing the charged 
ratio. This result was considered to be responsible for gssification 
with thermal decomposition and resinifing of  coals on inner wall of the 
reactor; temperature at the wall would be higher due to worse stirring 
as coal aastes were more viscous when coal concentration was higher. 
Therefore,well mixing was necessary to obtain a good liquefaction 
aercentarre under hieher coal concentration. 

1-1) 

Coal conversion per cent on a moisture- and ash-free was inde- 

1 2 )  Kind-of pasting"oi1 

b ,  liquefaction was carried out under the same reaction condition. 
Using f o u r  pasting oils with boiling temperature of 330°C to 380 
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When hydrogenated pasting oil were used, reaction rate was greater 
than that with non-hydrogenated pasting oils. This higher liquefaction 
rate for the hydrogenated pasting oil was interpreted by the action 
of greater proton-donner ability with them. 
(B) Effect of catalyst on liquefaction 

Figs. 1 to 5 were experimental results of Miike coal liquefaction 
for Mooa, FE!(OH)~ -S. Mo0,-Fe(OH)3 4, H2Mo06.H20 and Fe(OH), -H,Mo04H20-S 
catalysts. Figs. 6 to 9 
and Bikit Asam coals for MoOa-Fe(OH)a -S. In Figs.lO,ll and 12,'fraction 
of unreacted coal was plotted as a function of nominal reaction time 
on semelogarithmic graph paper. Reaction rate was fh-st order with coal 
concentration in the same way as Takeya et al. (3) showed in Taiheiyo 
coal liquefaction? since at lower temperature plots gave straight 
lines. At higher temperatures semilogarithmic plots didn't give only 
one decreasing straight line. This characteristic was explained from 
greatergasificationand resinification of coal under these temperatures. 
Specific reaction rates calculated from slope of lines were shown in 
Table 2. From these results activities of the catalysts were compared, 
Conclusions were shown as follows; 
(a) 1fl003 was more active under lower temperatures, while Fe(OH)3-S 
was more active under higher temperatures. 
(b) Moo3 and Fe(OH), were complements each of  the other, Mo03-Fe(OH), 
-S being more active than both under the lower and higher tempera- 
tures. 
(c )  HzMoO4.HZO o f  the catalyst cotaining H20, but having a tendency of 
resinifing and gtisification.HzM00~H2O-Fe(OH)~ -S was not SO active as 
ex ected. 
(dp The action of the catalyst to Taiheiyo coal was the same that to 
Miike coal. 

were those of Taiheiyo, Hikishima, Morwell 

Fig. 3 showed reaction course for IVliike coal under several re- 
action temperatures with nominal reaction time for MoOa-Fe(OH)j -S 
which is the most active-among the catalysts. This result showed that 
under temperature range 350'C to 410'C reaction rate increased with 
increasing temperature and oil yield became greater with increasing 
nominal reaction time, whereas at the highest temperature 450 'C  oil 
yield decreased, and both organic benzene insoluble and asphaltene in- 
creased with increasing nominal reaction time. Reaction courses of 
Hikishima, Morwell and Bukit Asam coals for MoOa-Fe(OH)a -S catalyst 
were shown in Figs. 7 to 9, respectively. In Figs. 8 and 9, it was 
shown that reaction rates and oil yield in the product Morwell and 
Bukit Asam were larger than%ther tested coal at lower temperatures. 
Reaction courses for Taiheiyo and Hikishima coals, when the same cata- 
lyst was used, were shown in Figs. 6 and 7. They showed that at the 
highest temperature formed oil degraded to organic benzene insolubles 
in a similar way to that for Miike coal at the highest temperature. 
This characteristic was explained from forming of organic benzene in- 
solubles by resinification of  produced asphaltene and oil. Degree of 
resinification were dependent on both reaction temperature and kinds 
of catalyst, being considerable at the highest temperature. N o  resini- 
fication was observed f o r  Fe(OH), -S. 

(11) Mechanism and kinetics of coal liquefaction 
Various mechanisms and kinetics of coal liquefaction have been 

proposed and examined by many investigators (1 to 10). 
W/e assumed the reaction mechanism shown in scheme 1 as a general 

kinetic model of coal liquefaction. The mechanism in scheme 1 with all 
reaction rates assumed to be pseudo first order with respect to react- 
ing species and dissolved hydrogen to be in excess, seems to be some- 
what similar to those reported in above mzny literatures. A few typi- 
cal cases 0f.a general kinetic model are shown in Table 3, and only 
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the general characteristics for their cases are illustrated on Table 

different in shape, but if proper rate constants were selected, the 
curves would be similar in shape, making it difficult to determine the 
correct mechanism. Therefore- it is necessary to get initial rate data 
at lower temperatures (i.e. !350-4OO0C) in distinguishin 
series reactions (case 1, 2, 3) and parallel reactions ?case 4, 5 ) ,  
since for series reaction the reaction time-concentration curve for 
oil (C) has a z e r o  slope and for psrallel reaction the time-logfun- 
reacted coal, $), curve does not give a straight line but two ones. 
Akypical curve in Table 3 shows thct when the apparent coal and 
asphaltene concentration begin to increase gradually, a further series 
reaction, oil-resin- coke, should be assumed. The magnitude' of the 
rate constant of each step is different from kinds of catalyst, and 
it is possible that the catalyst which is very effective for promoting 
the reaction rate of any step in a kinetic model is to be found, re- 
sulting in the change of mechanism. 

In this study oil yield decreased with reaction time, as oil was 
polymerized at higher temperature for Piike, Taiheiyo and Hikishima 
coals. Thus a kinetic model (case 2 or 3) in which involves two steps 
of polymelization and coking, correlated data.reasonably well for 
above coals, whereas for Morwell and Bukit Asam coals, case 5 was more 
favorable. 

Though kinetic experiments are generally carried out with the 
autoclave at high temperature and pressure, reaction temperature is 
not sufficient isothermal but nonisothermal from start of experiment 
to end. As long as nominal reaction time which consists of heat-up, 
constant temperature and heat-down periods, is used, it will be diffi- 
cult for true rate constants to be estimated under isothermal condi- 
tion. Therefore, the rate constants, k-values were estimated by a non- 
linear least square which involves minimazation of the sum of squares 
of deviations (between measured and calculated values). The tempera- 
ture dependence of the rate constants on Miike coal was determined f o r  
temperature between 3 5 0 ' C  and 450'C. The result was shown in Table 4. 

CONCLUSIONS 

3. When compared these typical figures, the curves are apparently 

between 

Effects of various reaction conditions on reaction rate and mech- 
anism of coal liquefaction were investigated. Conclusions were sum- 
marized as f o l l o w s ;  
(1) The order of the reaction, reaction rate, oil yield and compo- 
sition were affected by kinds of pasting oil and ratio of coal to 
pasting oil. 
(2) Under same reaction conditions, reaction rate and mechanism of coal 
liquefaction differs from kinds of coal and catalyst. The reaction rate 
was in the order; Morwell> Bukit Asam >Miike > Taiheiyoe Hikishima coal. 
Kinetic scheme of coal liquefaction was expressed as follows; 
for Morwell and Bukit Asam coals. 

Coal, 1 > Coal, 2 k5>k2>>kl . 1 kl k2 Coal 2zAsphaltene - Oill 
5 -=Oil2 

- 
and for Miike, Taiheiyo and Hikishima coals, 

Coal- kl Asphaltene k2 - Oil-Resin-Coke k4 k3 

The magnitude of the rate constants is different from-kinds of catalyst. 
(3) Activities of catalysts were as follows; H 2 M 0 0 ~ H ~ 0  > Fe(OH)3 -MOOS- 
S > MOO3 > Fe(OHIa -S. The activity of Fe OH)3-l'800a-S catalyst may be due 
to the concerted action with Moo3 and FetOH), -5 ,  and degrees' of resini- 
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fication and coking were dependent on kinds of catalyst. 
(4) In making a kinetic analysis of the experimental data with auto- 
clave, a non-linear least square method was used to estimate the para- 
meters in the Arrhenius equation under nonisothermal conditions. The 
theoretical values of component, calculated by substituting the esti- 
mated values into the rate equations, were in good agreement with 
experimental values. 
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Table 1 Analysis -of sample coals 

Catalyst \R .T.( C) 
 MOO^ 

P 

350 380 4 10 4 50 
0.0145 0.0212 0.0253 1 - 
0.0039 0.0113 0.0207 

0.0188 0.0322 
0.0023 0.0069 0.0230 

0.0192 10.0253 10.0105 
0.0338 

t 1 
Catalyst 

Rate Reaction Ternperature('C) r 
const. 
(min-') 350 

Fe(OH),-S 

Mo+Fe(OH)3 
-S 

I3 0.00785 
6 2  0.01880 
K3 - 
K4 _. 

Kl 0.01760 
0.00636 - 
- K 4  

H ~ M O O L * H ~ O  
IC1 0.0204b 
K2 0.05020 
R3 - 

Coal 

Miike 
Taiheiyo 
Hikishima 
nlorwell 
Bukit Asam 

F.C I V.N.  

45.9 
27.7 
50.7 
52.4 
44.8 

39.8 
47.0 
26.0 
34.2 
45.0 

0.9 
4.9 
1.2 
12.6 
9.5 

86.2 
65.3 5.2 
68.6 5.2 

Table 2 Rate constants on various catalysts (mi!-') 

Fe(OH)3 -S 

Moo3 -Fe( OH)3 -S 

380 
0.02000 
0 .og170 - 0.05040 

I -  1 - 
0.01460 
0.03490 - 
- 

0 -02570 
0.06130 

0.05080 
0.1210 
0.00276 

0.03640 
0.00732 
0.01590 

0.5190 
0.01710 
0.05730 

0.02930 
0 .On40 - 

0.04660- 
0.01930 
0 -00129 
0.00213 
0.05480 
0.2230 
C -00321 
0 -00977 

0.03420 
0.1100 - - I I K 4 I  - 

E(1 0.01680 
Fe(OH), 4- K2 0.08120 

H2MoOg*H20 I K3 1 - oi02020 
0.1280 

- -  I I K 4 I  - 
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Scheme 1 

A g e n e r a l  model; 

fil- B - C,- D - E 8:Coal D:Resin 

K i n e t i c  Model of D i r e c t  L i q u e f a c t i o n  of Coal  

kl k2 k3 k4 

B :Asphaltene E :Coke 
C : O i l  

A 2 7  c2 

Table  3, T y p i c a l  Cases of a Genera l  K i n e t i c  i”vIode1 

Case 1 Case 2 a 3  Case 4 Case 5 I 
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_- - - - - - - - - - - -  
a- - - - - 0 -  - 

0 I 20 40 60 
450-A NRT(rnin1 

Fig.2 Change of composition on catalyst 
F~OHITS at various react. temp. 

at 35ooC(.Ao) 410°C(+A+) 
L5O0C(D -, 0) 36b"C(x X X) 

68 



1 

bO 60 
41 O-A NRT(min) 

Fig. 3 Change of composition on catalyst 
Fe(OH)iMoOrS at various R.T. (Miike-coal) 

350"C(.aO) 4 l O 0 C ( ~ 8 ~ )  
380'C(XX XI 45OoC(.0 0) 

Fig.4 Change of composition on catalyst 
H~MOOI at various react. temp. 

at 350°C(0A 0) b1ooC(+*~)  
380'Cc- X.X) 45dC(.U0) 
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Fig.5 Change of composition on catalyst 
FdOH)~H~MOO~*H~O-S at various react. temp 

at 350"C(OAO) 41a"C(WO) 
380'C(~-X) AFiCfCb0U) 
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30 60 d o - A  120 
NRTW~) 

"0 

Fg.7 Change of composition on Hikishima 
coal (Numerdis ;React.tcmp., A:Asphaitene) 

at 350"C(* A 0) 410°C(+n+J 
38o0c(4 a 0) or 44OaC(. D 0 )  

NRT( 
Fig. 8 Change of composition on Morwell 

coal (Numerals; React.tomp., A i  Asphaltene) 
at 300"C(* o. 01 

3 3 5 W r  X X )  

350°c(+n $) 
320°C(4 40) or 3800C(m n o )  

350-Coal 

m-coa1 
itn) 
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CARBON MONOXIDE-WATER VS.  HYDROGEN FOR LIQUEFACTION: 
THE REDUCTION OF DIPHENYLSULFm, THIOANISOLE AND DIBENZOTHIOPHENE 

R. 3 .  B a l t i s b e r g e r ,  V .  I .  Stenberg, J. Wang and N. F. Woolsey 

Department o f  Chemistry 
U n i v e r s i t y  o f  Nor th Dakota 

Grand Forks, NO 58202 

INTRODUCTION 

For  l i g n i t e ,  seve ra l  workers have demonstrated a m ix tu re  o f  carbon 
monoxide and water  t o  be s u p e r i o r  t o  hydrogen f o r  l i q u e f a c t i o n  when t h e r e  
a r e  no added c a t a l y s t s ( 1 ,  2, 3, 4). 
pos tu la ted  t o  c a t a l y z e  t h e  reduct ion.  
impor tant  because i t  suggests t h e  economics o f  l i g n i t e  l i q u e f a c t i o n  may 
u l t i m a t e l y  f a v o r  t h e  use o f  synthes is  gas ove r  hydrogen. 
o f  the s h i f t  r e a c t i o n  s e c t i o n  o f  a hydrogen p l a n t  can be e l im ina ted .  Carbon 
d iox ide  has t o  be removed a t  one stage i n  e i t h e r  process which w i l l  p robably  
r e s u l t  i n  a wash-out o f  i t s  removal expenses. 

monoxide r e s u l t s :  
CO-H20 than H2 under the  same cond i t i ons?  
because o f  "nascent" hydrogen from CO-H20? and ( 3 )  What m a t e r i a l s  ca ta l yze  
t h e  CO-H20 i e a c t i o n ?  

answer t h e  posed quest ions because the  v a r i a b l e s  can be b e t t e r  c o n t r o l l e d .  
The a p p l i c a b i l i t y  o f  t h e  model compound work t o  l i g n i t e  l i q u e f a c t i o n  processes 
depend upon t h e  r e l a t i o n  o f  t h e  model compounds t o  t h e  key fea tu res  o f  l i g n i t e  
s t r u c t u r e  and chemis t r y  ques t i on  examined. The s e l e c t i o n  o f  t h e  m a t e r i a l s  f o r  
examination as c a t a l y s t s  depends on t h e  na tu re  o f  t h e  n a t u r a l  m ine ra l s  present  
i n  the  va r ious  l i g n i t e s ,  a v a i l a b l e  low-cost  m a t e r i a l s  as d isposable c a t a l y s t s  
and m a t e r i a l s  t o  prove o r  d i sp rove  a hypothes is  on c a t a l y s t  a c t i v i t y .  

Carbon monoxide and wa te r  has proven more e f f e c t i v e  than hydrogen t o  
conver t  benzophenone and benzhydrol i n t o  products(5) .  Fo r  anthracene, H2 and 
CO-HzO a r e  e q u a l l y  e f f e c t i v e  f o r  conversion, and f o r  q u i n o l i n e  HE i s  s u p e r i o r  
t o  CO-HzO(6). 
presence o f  a hydrogen-donor so lvent .  

hydrogen ove r  a CoO-MoO3-Al20 c a t a l y s t ( 8 ) ,  an ammonium Y z e o l i t e  c a t a l y s t ( 9 )  
and a molybdenum s u l f i d e  c a t a f y s t ( l 0 ) .  Rollman has removed s u l f u r  from model 
compounds over  s u l f i d e d  CoMo c a t a l y s t s ( l 1 ) .  

The m ine ra l s  present  i n  l i g n i t e  a r e  
The r e l a t i v e  success o f  CO i s  

I f  so, t h e  need 

There a re  seve ra l  impor tan t  quest ions which a r i s e  from t h e  carbon 
(1 )  Which chemical bonds a r e  more e a s i l y  reduced by 

( 2 )  Does t h e  reduc t i on  proceed 

Model compounds a re  s u p e r i o r  t o  l i g n i t e  as a m a t e r i a l  t o  s tudy t o  

The product  d i s t r i b u t i o n s  a re  i n f l uenced  by c a t a l y s t s  and the 

Thiophene and thiophene d e r i v a t i v e s  have been d e s u l f u r i z e d  by t e t r a l i n ( 7 ) ,  

EXPERIMENTAL 

The r e d u c t i o n s  a r e  done i n  a p a i r  o f  250-ml rock ing  Has te l l oy  C autoclaves. 

I n i t i a l l y  
The temperature i s  mainta ined a t  425OC f o r  two hours. 
s l i g h t l y  more t h a n  an hour, and t h e  cool-down t ime  i s  done ove rn igh t .  
t h e  autoc laves a r e  charged w i t h  750 p s i  o f  reduc ing  gases and 750 p s i  o f  argon 
(1500 p s i  t o t a l ) .  

The heat  up t ime  i s  

A t  425OC, the  r e a c t i o n s  w i l l  ach ieve a t o t a l  pressure of about 
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3,000 psi. 
decanting. 

The water layer i s  separated from the organic layer  by a separatory funnel 
and f i l t e r e d  through a s in te red  glass funnel. A 3-ml a l iquot  of the r e su l t an t  
solution i s  combined with an appropriate internal standard and analyzed by gas- 
l iqu id  chromotography. The r e su l t s  were obtained on a Varian Aerograph 90-P 
instrument and a r e  duplicated with the precision o f  26%. 

After cool-down, the gases a re  vented and the products removed by 

RESULTS AND DISCUSSION 

In the  absence of possible ca t a lys t s ,  the  effectiveness of the reducing 
gases is  H2 = H 
(Table 1 ,  runs ?-;) and t f~ ioaniso le  ?Table 3, runs 2-4). Hydrogen, w i t h  o r  with- 
out carbon monoxide, causes predominantly transformation in to  benzene, whereas 
carbon monoxide-water gives a var ie ty  of products. 
with carbon monoxide and water provide r e su l t s  intermediate i n  percentage y i e lds .  

decompose a t  425OC (Tables 1 and 2 ) .  
give diphenylsulfide, toluene and benzene ( r u n  1 of Table 3 ) .  
reaction solution i s  essent ia l ly  nonpolar, homolysis of the sulfur-methyl bond 
i s  most probably occurring, -, reaction 1.  The dissociation energy of t h i s  
bond i s  60 ked1/molel2. 
S-H bond energy. Reactions 2 C  and 3 a r e  l i ke ly  reactions t o  account for  the 
benzene formed. 
product, diphenylsulfide. 

For the three su l fu r  compounds of Tables 1-3, hydrogen i s  superior t o  carbon 
monoxide-water f o r  desulfurization. 
the reduction caused by hydrogen from the  s h i f t  reaction, reaction 6 ,  ra ther  than 
an in te rpre ta t ion  wherein CO d i r ec t ly  reac ts  with the three model compounds. 

so le  only when carbon monoxide i s  present,  i t  must be the source of the carboxyl 
group d i r ec t ly  o r  ind i rec t ly .  
the  formation of benzoic acid under these high pressure conditions. 

CO - H 0 > CO - H 0 f o r  causing conversion of diphenylsulfide 

The combination of hydrogen 

In the  absence of reducing gases, ne i ther  dibenzothiophene nor diphenylsulfide 
However, thioanisole readi ly  decomposes t o  

Since the l a t t e r  

L i t t l e  thiophenol i s  formed possibly because of the low 

Reaction 4 i l l u s t r a t e s  the reaction route t o  the predominant 
Reaction 5 out l ines  a possible reaction route t o  toluene. 

The CO-H 0 r e su l t s  can be accounted f o r  by 

Since benzoic acid i s  formed in the  reactions of diphenylsulfide and thioani- 

The sequence of reactions 7 and 8 a re  probable f o r  

I 

1)  Ph S CH3 + P h  S + CH3 
2 )  Ph S -t P h  + SO13 
3) Ph + PhSCH3* + PhH + PhSCH3 
4)  Ph + PhSCH3 + PhSPh + CH3 
5) PhSCH3 + CH3 + PhCH3 + SCH3 

6)  CO + H20 2 CO2 + H2 
7 )  Ph + C02 + PhC02 
8) PhC02 + PhSCH3* + PhC02H + PhSCH2 

( * o r  metal - H )  
In the diphenylsulfide reductions r e su l t s  described i n  Table 3, carbon 

monoxide must be the source of the methyl group of toluene. In support of t h i s  the phenyl 
ring i s  unlikely t o  fragment t o  a methyl group under these conditions fo r  therho- 

gas. 
I dynamic reasons, and no toluene is  f o m d  when hydrogen is  used as  the so le  reduclng 

I 
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The added materials, tetralin, Na2C03 and FeS, inhibit the diphenylsulfide 
and thioanisole reduction conversions and have little net effect on the dibenzo- 
thiophene reactions. 
rather as an inert diluent of the reducing gases. Less than 5% o f  the tetralin 
is converted into naphthalene. 

Tetralin is not behaving as a good hydrogen donor, but 
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1 Table 2 :  Reduction of Dibenzothiophene 

Run Reducing g a s e s  Catalyst  Solvent 

1 H 2 , H 2 0  None None 

2 H2,H20  NaZC03 None 

3 C 0 , H 2 0  Na2C03 None 

4 H 2 , C 0 , H 2 0  Na2C03 None 

5 H 2 , C 0 , H 2 0  Na2C03 Tet ra l in  

6 H 2 , C 0 , H 2 0  F e S  None 

- Diphenyl, '70 

2.7 

0 . 6  

1.2  

0. 8 

2 . 3  

1.7 

Conversion,  % 

2 . 7  

0 . 6  

1 . 2  

0.8 

2 . 3  

1.7  

1.  0. 15 mole and t h e  footnotes  of Table 1 apply h e r e  also. 
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HIGH-YIELD COAL CONVERSION IN A ZINC CHLORIDE/METHANOL MELT 
UNDER MODERATE CONDITIONS 

John H .  Shinn and Theodore Vermeulen 

Chemical Engineer ing  Department and Lawrence Berkeley Labora tory  
U n i v e r s i t y  o f  C a l i f o r n i a ,  Berke ley ,  C a l i f o r n i a  94720 

INTRODUCTION 

Conver t ing  coal t o  s o l u b l e  m a t e r i a l  r e q u i r e s  c l e a v a g e  of  enough 
chemical  bonds t o  s p l i t  t h e  coal i n t o  s u b u n i t s  of o n l y  moderately h igh  
molecular weight .  Because coal i s  i n a c c e s s i b l e  t o  c o n v e n t i o n a l  s o l i d  
c a t a l y s t s ,  c u r r e n t  p r o c e s s i n g  schemes u s e  severe t h e r m a l  c o n d i t i o n s  t o  
e f f e c t  t h e  needed bond s c i s s i o n ,  w i t h  t h e  handicaps  of  p a r t i a l  
f ragmenta t ion  t o  g a s  and p a r t i a l  po lymer iza t ion  of  c l e a v e d  p r o d u c t s .  

by s o l i d  c a t a l y s t s  h a s  provided  minor r e d u c t i o n s  i n  t h e  s e v e r i t y  o f  
t r e a t m e n t ,  i n s u f f i c i e n t  t o  a l l e v i a t e  t h e  was tage  of  coal and of  i n p u t  
hydrogen. To lower t h e  s c i s s i o n  tempera ture  a d e q u a t e l y  r e q u i r e s  
mobile c a t a l y s t s  which can p e n e t r a t e  thoroughly  i n t o  the  coal.  Melts 
such  as z i n c  c h l o r i d e  are t h e r e f o r e  a promis ing  a r e a  f o r  s t u d y .  

hydrocracking o f  coal h a s  been c a r r i e d  o u t  by Z i e l k e ,  Gor in ,  S t r u c k  
and coworkers a t  C o n s o l i d a t i o n  Coal (now Conoco Coal Development C o . )  . 
The emphasis t h e r e  h a s  been on a f u l l  b o i l i n g - p o i n t  range  o f  l i q u i d  
product ,  from t r e a t m e n t  a t  t empera tures  between 385 and 425OC and 
hydrogen p r e s s u r e s  of  140 t o  200 b a r s .  

a g e n t s  have been s t u d i e d  a t  225-275OC--that i s ,  a t  t empera tures  w e l l  
below 325'C, which a p p e a r s  t o  be t h e  i n i t i a t i o n  tempera ture  f o r  
p y r o l y s i s  of t h e  coals s t u d i e d  h e r e .  Working w i t h  Wyodak c o a l  i n  a 
ZnClg-water m e l t  a t  25OoC, Holten and coworkers2 c 3  d i s c o v e r e d  t h a t  
a d d i t i o n  o f  t e t r a l i n  i n c r e a s e d  t h e  p y r i d i n e  s o l u b i l i t y  of p r o d u c t  t o  
75%, compared to  2 5 %  w i t h o u t  t e t r a l i n .  About 10 w t - %  o f  w a t e r  i s  
r e q u i r e d  i n  t h e  m e l t ,  because pure  ZnCIZ m e l t s  a t  317OC. 

W e  have now found t h a t  r e p l a c i n g  water i n  t h e  m e l t  by methanol 
l e a d s  t o  l a r g e  i n c r e a s e s  i n  p y r i d i n e  s o l u b i l i t y  of p r o d u c t  from t h e  
t r e a t m e n t .  I n  t h i s  paper  we  c h a r a c t e r i z e  t h e  e f f e c t s  of t e m p e r a t u r e ,  
t i m e ,  hydrogen p r e s s u r e ,  r e a c t i o n  s t o i c h i o m e t r y ,  and a d d i t i o n  of  
v a r i o u s  i n o r g a n i c  and o r g a n i c  a d d i t i v e s .  Because oxygen removal from 
t h e  c o a l  o c c u r s  i n  p a r a l l e l  w i t h  s o l u b i l i z a t i o n ,  w e  conclude t h a t  
s c i s s i o n  o f  e t h e r - t y p e  C-0  bonds i s  t h e  d e f i n i t i v e  chemical  r e a c t i o n .  

Hydrogen-donor a c t i o n  i n v o l v i n g  d i r e c t  o r  i n d i r e c t  hydrogenat ion 

Major work on z i n c  c h l o r i d e  c a t a l y s t s  f o r  hydrogenat ion  and 
1 

I n  t h i s  L a b o r a t o r y ,  several p o t e n t i a l  l iqu id-phase  t r e a t i n g  

EXPERIMENTAL PROCEDURE 
The exper iments  w e r e  performed i n  a 600-ml H a s t e l l o y  B s t i r r e d  

P a r r  a u t o c l a v e  f i t t e d  w i t h  a 300 m l  g l a s s  l i n e r .  275 gm of  ZnC12 
(97+% pure  from Matheson, Coleman, and B e l l )  w e r e  loaded  i n t o  t h e  
l i n e r  w i t h  t h e  d e s i r e d  amount of methanol  (Mal l inkrodt  reagent -grade)  
and hea ted  t o  a b o u t  15OOC. 
Wyodak c o a l  (-28 + 1 0 0  mesh) and a d d i t i o n a l  s o l v e n t  ( i f  any) w e r e  
added t o  t h e  m e l t .  The a u t o c l a v e  w a s  c l o s e d ,  purged w i t h  hydrogen, 
and p r e s s u r i z e d  s o  t h a t  it would r e a c h  t h e  d e s i r e d  hydrogen p r e s s u r e  
a t  r e a c t i o n  t e m p e r a t u r e .  The c o n t e n t s  w e r e  h e a t e d  a t  approximately 
10°C/min w i t h  s t i r r i n g  u n t i l  t h e  d e s i r e d  t e m p e r a t u r e  w a s  reached.  
A f t e r  r e a c t i o n  f o r  t h e  d e s i r e d  p e r i o d ,  t h e  a u t o c l a v e  w a s  immersed i n  

A t  t h i s  t i m e ,  50 gm of  undr ied  Roland seam 
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a cold-water bath, depressurized, and opened, and the contents were 
dumped into 2 1. of cold water. The coal was then washed in a 
Buchner funnel with 6 1. of distilled water at 9 0 ° C ,  and dried to 
constant weight in a vacuum oven at llO°C under 50 millibars of 
nitrogen. Some runs were split after water quenching; in these, half 
of the product was washed with dilute HC1 before hot-water rinsing. 

treated coal, MTC) were extracted to exhaustion sequentially with 
benzene and pyridine in an atmospheric soxhlet apparatus. The 
extracts and residue were dried and weighed to determine solubility 
of the MTC. 

In addition to knowing the total MTC solubility, it was 
important to determine the amount of methanol or other solvent 
retained by the MTC. This quantity, the incorporation ratio (R = gms 
incorporated organic material/gms coal-derived organic material), was 
determined by a carbon balance on the reaction. By assuming that any 
solvent retained in the dried MTC is pyridine-soluble, and sub- 
tracting it from the total dissolved material, the minimum 
solubility of the coal-derived material may be calculated. This 
quantity, the corrected solubility, is an indicator of the true 
solubilizing effect of a particular run on the coal itself. Based on 
replicate runs, the standard deviation of the corrected solubility 
is 6.5% of the reported value. 

Additional details on the experimental methods employed are 
available elsewhere4. 

Approximately 2 gm of dried product (referred to as melt- 

RESULTS 

Effect of Reaction Conditions on Solubility 

Earlier results3 suggested investigation of the ZnCIZ-methanol 
system as a coal-liquefaction medium based on high product solubility, 
low incorporation, and relatively low cost of methanol. 

Of primary concern were the effects of temperature, pressure, 
time, and methanol amount on the solubilizing activity of the melt. 
Figure 1 presents the effect of hydrogen pressure and temperature on 
corrected solubility. At 60 min reaction time with 50 gm of methanol, 
the solubility is roughly linear with hydrogen partial pressure. 
Even at 225OC there is significant conversion, with 800 psig producing 
40% MTC solubility compared to 12% for the raw coal. By 275"C, 
conversion is rapid with nearly total solubility in one hour at 
hydrogen pressures as low as 200 psig. 

shown in Figure 2. At all-hydrogen pressures, there is a maximum 
solubilizing effect near 50 gm methanol (approximately .75/1 MeOH/ZnC12 
molar). To within experimental error, solubility is linear with 
hydrogen pressure. 

time at 250'C (800 psig, 50 gm MeOH) with total solubility achieved 
near 75 minutes. At 275OC, reaction is considerably more rapid, with 
total conversion possible in less than 30 minutes. Heating alone to 
250°C ("zero-time'' runs) produces negligible increased solubility, 
whereas the additional 2-3 minutes between 250 and 275' for heating 
to 275OC results in almost 40% solubility. 

The effect of methanol amount at various hydrogen pressures is 

AS shown in Figure 3 ,  solubilization proceeds linearly with 
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E f f e c t  of  R e a c t i o n  Condi t ions  on I n c o r p o r a t i o n  

I n  a d d i t i o n  t o  s o l u b i l i z i n g  a c t i v i t y ,  it i s  d e s i r a b l e  t o  l i m i t  
t h e  amount of  methanol  r e t a i n e d  by t h e  MTC. Table  1 shows t h e r e  i s  no 
s i g n i f i c a n t  e f f e c t  o f  tempera ture  on methanol  i n c o r p o r a t i o n  a t  800 
p s i g ,  b u t  a r a p i d  rise i n  i n c o r p o r a t i o n  above 25OOC a t  200 p s i g  
hydrogen. There i s  less i n c o r p o r a t i o n  w i t h  25 gm methanol  t h a n  w i t h  
50 gm, and a l e v e l i n g  o f f  o f  i n c o r p o r a t i o n  a t  h i g h e r  hydrogen 
p r e s s u r e s .  Also ,  t h e r e  is no t r e n d  i n  i n c o r p o r a t i o n  w i t h  t i m e  a t  
275OC, b u t  a s t r o n g  i n c r e a s e  o f  i n c o r p o r a t i o n  w i t h  t i m e  a t  250OC. 

Table  1. E f f e c t  o f  Opera t ing  V a r i a b l e s  on I n c o r p o r a t i o n  o f  Methanol 
and on C o r r e c t e d  H/C Ratios (273 g ZnC1, 50 g Wyodak c o a l )  

Methanol Hydrogen Temp 
(9) ( p s i g )  ("C) 

50 0 250 

200 

500 
800 

25 200 
800 

so 800 250 

! 275 

200 225 
800  

200 275 
800 

Time 
(min) 
- 
60 

0 

30 
0 

30 

60 

C o r r e c t e d  
S o l u b i l i t y  
( P c t .  DAF) 

57 .3 l  
1 67.4 

70 .3 l  

85.01 

54.8 

73.6 
13.2 

53.7 
35.8 

100.0 

26.4 

40.0 

95.6 

99 .1  

Reta ined  MeOH 
(gm/gm coal 
o r g a n i c s  -.- 

. 3 1  

.16 

.19 

-18  

.16 

.05 

.05 

.16 

.16 

.21  

.12 

.ll 

.32 

.17 

Atomic 
H/C 
Ratio 

-53 

.81  

.78 

.85 

.70 

.96 

~~ 

Average of r e p l i c a t e  r u n s .  

Hydrogen -to-Carbon R a t i o s  

An i n d i c a t o r  of  the q u a l i t y  of t h e  MTC i s  the hydrogen t o  carbon 
r a t i o  (raw coal H/C = . 9 8 ) .  F i g u r e  4 shows the e f f e c t  of  methanol  
amount and hydrogen p r e s s u r e  on the H/C ra t io  of the c o a l  d e r i v e d  
portion of t h e  MTC. Higher  hydrogen p r e s s u r e s  r e s u l t  i n  higher H/C 
r a t i o s  r e g a r d l e s s  of methanol  amount. Higher methanol  amounts produce 
lower H/C r a t io s  a t  a l l  p r e s s u r e s  up t o  500 p s i g .  A t  800 p s i g ,  there 
i s  a maximum n e a r  25 gm methanol i n  t h e  H/C r a t i o  w i t h  a s h a r p  drop  
a f t e r w a r d .  

E f f e c t  of A d d i t i v e s  

Table  2 l ists  t h e  r e s u l t s  of r u n s  i n  which i n o r g a n i c  a d d i t i v e s  
w e r e  used  i n  the ZnC12-MeOH m e l t .  
poison f o r  ZnC12, had l i t t l e  e f f e c t  on s o l u b i l i t y  and produced a 
s u r p r i s i n g  rise i n  H/C r a t i o  o f  t h e  MTC. The a d d i t i o n  of  1 gm Zn 
Powder had l i t t l e  e f f e c t  i n  s o l u b i l i t y  b u t  s l i g h t l y  improved t h e  H/C 

Addi t ion  o f  5 mole % Z n O ,  a no ted  
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r a t i o .  100 p s i 9  H C 1 ,  w h i l e  producing  t o t a l  s o l u b i l i t y ,  had l i t t l e  
more e f f e c t  t h a n  a d i l u t e  HC1 wash. The h y d r a t e d  c h l o r i d e s  o f  t i n  and 
cadmium r e s u l t e d  i n  reduced y i e l d s .  

S o l v e n t  a d d i t i v e s  t o  t h e  m e l t  (Table 3) f a l l  i n t o  two 
c a t e g o r i e s :  e x t r a c t i v e  and r e a c t i v e .  The e x t r a c t i v e  s o l v e n t s  (decane ,  
p e r c h l o r o e t h a n e ,  o-d ich lorobenzene ,  and p y r o l i d i n e )  had n e g l i g i b l e  
e f f e c t  on s o l u b i l i t y ,  p o s s i b l y  due t o  t h e  p r e f e r e n t i a l  w e t t i n g  of the  
c o a l  by t h e  s o l v e n t  and e x c l u s i o n  o f  t h e  ZnC12 m e l t .  R e a c t i v e  
s o l v e n t s  (an thracene  o i l ,  i n d o l i n e ,  cyclohexano1,and t e t r a l i n )  a l l  
i n c o r p o r a t e d  s t r o n g l y .  Donor s o l v e n t s ,  t e t r a l i n  and i n d o l i n e ,  
i n c r e a s e  c o r r e c t e d  s o l u b i l i t y ,  whereas a n t h r a c e n e  o i l  and cyc lohexanol  
have n e g l i g i b l e  e f f e c t .  

Table  2. E f f e c t  of I n o r g a n i c  A d d i t i v e s  t o  ZnC12-Methanol M e l t .  
273 qm ZnCl2: 50 gm MeOH: 50 gm c o a l :  T = 250OC; t = 60 min 

C o r r e c t e d  R Corr. 
S o l u b i l i t y  (gm r e t a i n e d  MeOH/ Atomic 

3m coal o r g a n i c )  H/C 

A d d i t i v e  
(gm) ( p s i q )  ( P c t .  d a f )  

H C 1  (100 p s i g )  500 1 0 0 . 0  0.16 
500 69.2 0.11 ZnO (9.0) 

Zn (1.0)  500 73.6 0.15 
CdC12 (38.5)l 200 44.3 0.16 

None3 500 70.3 0.18 
200 67.3 0.17 None 

3 

SnC12 (42 .1)2  200 0.0 0.19 

3 

1 - 11.4 gm water p r e s e n t  w i t h  CdC12 

2 - 36.0 qm w a t e r  p r e s e n t  w i t h  SnC12 
3 - Average of t w o  r e p l i c a t e  r u n s  

0.84 
1.10 

0.86 
0.76 
0.55 
0.79 
0.76 

Table 3. E f f e c t  of S o l v e n t  A d d i t i v e s  t o  ZnCl -Methanol M e l t .  
273 qm ZnC12; 50 gm MeOH; 50 gm c o a f :  T = 250'C; t = 60 min 

S o l v e n t  
(gm) 

n-Decane (50) 
C2C16 (50) 
o-C12-benzene (60) 

P y r r o l i d i n e  (10.5) 
Cyclohexanol (10) 
Anthracene O i l  (.lo1 
T e t r a l i n  (101 

I n d o l i n e  (101 

Methanol o n l y  

pH2 
(ps i91  
250 
200 

200 

500 
200 

250 
200 

500 
500 

C o r r e c t e d  
S o l u b i l i t y  
( P c t .  d a f )  

41.4 
40.5 
33.5 
65.6 
68.7 

73.7 
77.4 
81.5 
70.3 

R 
(qm r e t a i n e d  MeOH/ 
gm c o a l  o r g a n i c )  

0.19 
0.43 
0.16 
0.13 
0.39 
0.77 
0.65 
0.27 
0.18 
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Effect of Wash 

Several runs were divided after water quenching of the MTC and 
15 ml HC1 was added to the cold water wash. Figure 5 shows the 
increase in benzene and total MTC solubility as a result of the HC1 
wash. Acid washing produces total pyridine solubility from a 65% 
soluble water washed MTC. The effect of acid washing on benzene 
solubility is less marked with a maximum increase of 10-15% at 25% 
water wash benzene solubility. The maximum benzene solubility with 
either water or acid wash is 40%.  

the MTC sufficiently hydrophilic to allow removal of the ZnC12. 
solubilized material from the wash was added to the benzene soxhlet 
yield for total benzene solubility. As seen in Figure 6, the 
relationship between benzene solubility and pyridine solubility of the 
MTC is a function of the type of wash used. Benzene washing produces 
higher benzene solubility whereas HC1 washing produces higher 
pyridine than water wash. 

In some runs, a preliminary benzene wash was necessary to make 
The 

Oxygen Recovery and Solubility 

Earlier work with the ZnC12-H20 system3 had revealed a 
correlation between the oxygen recovery and the solubility of the MTC. 
There proved to be a similar relationship in the ZnCl2-methanol system, 
as well as a separate relationship for acid-washed runs (Figure 7 ) .  
Conditions of temperature, hydrogen pressure, reaction time and 
stoichiometry did not affect the relationship for a particular solvent, 
whereas additional solvent produced skew points supporting the 
conclusion that the relationship is solvent dependent. Acid washing 
produces increased solubility without affecting oxygen removal. 

DISCUSSION 

The following scheme may be used to explain the conversion of 
coal to soluble form. 

AS PHALTENES 
OILS - 

HIGHLY / GAS , 
ACTIVATED 
COAL 

(C-C bonds- 

/ 
UNREACTED 
COAL 

MILDLY / \ 
ACTIVATED \* 
COAL - J - 

(heteroatom CHAR 
and some 
aliphatic 
linkages broken] 

a4 



1 I 

The first step in conversion is activation. This activation 
may be weak (by using low temperatures and less active catalysts) 
cleaving only weaker heteroatom bonds or strong (by using higher 
temperatures and active catalysts such as HC1) cleaving weaker as well 
as stronger C-C bonds. (Weak bonds include ether and thioether as 
well as aliphatic linkages with suitably substituted neighboring 
aromatic centers5~6.) Keys to the mild activation are penetration of 
the catalyst into the coal, sufficient catalyst activity toward weak 
bond cleavage and resistance to poisoning. Massive amounts of molten 
ZnC12 provide the proper activation and the correct choice of solvent 
allows for proper contacting. 

Scanning electron micrographs of methanol-treatment MTC show 
that methanol addition causes massive physical change in the coal 
particles, presumably enhancing phase contact and removing product 
during reaction so as to expose unreacted coal7. 

prevent polymerization to char. Several mechanisms are available for 
such capping. First, hydroaromatic structures in the coal may 
exchan e hydrogen with the reacted fragments, as noted by Whitehurst 
et al.8. 
ratio of the product as hydrogen is lost forming water upon oxygen 
removal. Two sources of external hydrogen are also available: from 
donor solvents and gas-phase hydrogen. The contribution of gas-phase 
hydrogen is normally small but there is promise for enhancement of 
this effect through the use of additives with hydrogenation activity 
still being investigated. Finally, capping may occur without hydrogen, 
by means of alkylation. Methanol may be important in this step, as 
its presence may prevent crosslinking subsequent to ZnC12 attack. 

further activation of the coal with C-C bond cleavage and further 
heteroatom removal. Higher temperatures and/or more active catalysts 
will likely be required with sufficient hydrogen donors and 
hydrogenation catalysts to reduce char formation. Preliminary 
investigations on this further conversion are currently under way in 
our labs. The soluble coal should facilitate contacting,allowing a 
greater choice of catalysts for upgrading. 

The cleaved weaker bonds must now be properly "capped" to 

This type of donation may result in a net lowering of H/C 

Conversion of soluble coal to asphaltenes and oils will require 

CONCLUSIONS 
Some preliminary work was done with other solvents which were 

miscible with the ZnC12. 
methanol as a liquefying agent for the ZnC12 results in large 
increases in pyridine solubility of the treated coal. There are 
several explanations for this effect: improved contacting between the 
coal and the melt; higher activity of the ZnC12 in a methanol media; 
methylation of cleaved bonds resulting in reduced char formation; 
extraction of the reaction products, leaving the coal more accessible. 

Solubility is linear with hydrogen pressure and time, at 
constant temperature and methanol charge. There is a strong effect of 
temperature leading to complete solubility at 275'C in less than 
30 minutes. Incorporation is best limited by lower methanol amounts 
and higher hydrogen pressures. 

solubility, but involve incorporation. A relation between benzene 
and pyridine solubility is dependent on wash conditions. Finally, 
oxygen recovery and corrected solubility are related, the relationship 
varying with the solvent used. 

We have discovered that replacing water with 

I 

Extractive solvents reduce solubility; donor solvents increase 
I 

i 
! 
I 
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F i g u r e  1. 
E f f e c t  of Hydrogen P r e s s u r e  
and Temperature on Correc ted  
S o l u b i l i t y .  213 gm ZnC12;  
50 gm c o a l ;  50 gm MeOH; 
60 m i n .  

200  4 0 0  6 0 0  0 0 0  
H Y D R O G E N  P R E S S U R E ( P S l G 1  

86 



l o o ,  - - 1 

I 

/ 

Figure 2. 

Corrected Solubility. 

250°C; 60 min. 
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and Hydrogen Pressure on 

273 gm ZnC12; 50 gm coal; 

" 
c 

Figure 4 .  
Effect of Methanol 
Charge and Hydrogen 

Pressure on 
Atomic H/C Ratio. 

273 gm ZnClp; 50 gm 
coal; 250°C; 60 min. 
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Figure 3 .  
Effect of Run Time on 
Corrected Solubility 
at 250" and 275°C. 
273 gm ZnC12; 50 gm coal; 
50 gm MeOH; H2, 800 psig. 
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F i g u r e  5 .  
E f f e c t  o f  Acid Wash 
on  S o l u b i l i t i e s .  
2 7 3  gm ZnC12;  
50 g m  c o a l .  
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Figure  6 .  

S o l u b i l i t y .  

50 gm o p i .  

R e l a t i o n s  Between 
Benzene and T o t a l  

273 g m  ZnCl . 

0 
T O T A L  S O L U B I L I T Y ( P C T )  

0 1 0  6 0  B O  2 0  I 
C O R R E C T E D  S O L U B I L I T Y ( P C T 1  
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Figure  7 .  
Oxygen and S u l f u r  
Recovery i n  Product  
vs T o t a l  S o l u b i l i t y .  
2 7 3  gm ZnC12; 50 gm c o a l .  
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THE EFFECT OF COAL STRUCTURE ON THE 
DISSOLUTION OF BROWN COAL I N  TETRALIN 
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I 

INTRODUCTION 
I n  much of t h e  l i t e r a t u r e  on  coal d i s s o l u t i o n  i n  hydrogen donor  
sys tems t h e  e x t e n t  o f  t h e  hydrogena t ion  p r o c e s s e s  i s  a s s e s s e d  i n  
terms o f  e i t h e r  t h e  y i e l d  o f  l i q u i d  p r o d u c t  or t h e  c o n v e r s i o n  o f  
c o a l  t o  material  s o l u b l e  i n  a s p e c i f i e d  s o l v e n t ,  normal ly  a s o l v e n t  
i n e f f e c t i v e  f o r  c o a l .  However, such  approaches  can  n o t  d e s c r i b e  
fundamenta l  changes t h a t  occu r  Wi th in  t h e  c o a l  m a t e r i a l .  T o  d o  t h i s  
r e q u i r e s  an expe r imen ta l  approach  t h a t  a l l o w s  c o a l  c o n v e r s i o n  t o  be 
d i s c u s s e d  i n  t e r m s  of t h e  chemlca l  changes  t h a t  o c c u r  w i t h i n  t h e  c o a l .  
T h i s ,  i n  t u r n ,  r e q u i r e s  a d i r e c t  method of  d e t e r m i n i n g  t h e  s t r u c t u r a l  
f e a t u r e s  i n  c o a l .  
I n  a n o t h e r  paper  p r e s e n t e d  a t  t h i s  Congress (1) w e  d e s c r i b e d  t h e  u s e  
o f  t h e  a c i d - c a t a l y s e d  r e a c t i o n  of  c o a l  w i t h  pheno l  t o  s t u d y  t h e  
s t r u c t u r e  of  an  A u s t r a l i a n  brown c o a l  from Morwell ,  V i c t o r i a .  The 
coal w a s  s o l u b i l i z e d  by r e a c t i n g  it w i t h  pheno l  and t h e n  s e p a r a t e d  
i n t o  f o u r  f r a c t i o n s ,  t h e  f i r s t  r i c h  i n  a l i p h a t i c s ,  t h e  second r i c h  i n  
s imple  a r o m a t i c s ,  t h e  t h i r d  r i c h  i n  d i - a r o m a t i c s  and p o l a r  g r o u p s ,  
and t h e  f o u r t h  r i c h  i n  po lya romat i c s .  
I f  t h e s e  f r a c t i o n s  a r e  r ega rded  as  models o f  s t r u c t u r a l  t y p e s  w i t h i n  
t h e  coal,  then  r e a c t i n g  each  f r a c t i o n  s e p a r a t e l y  a l l o w s  t h e  r o l e  
p l ayed  by d i f f e r e n t  chemica l  s t r u c t u r e s  d u r i n g  t h e  hydrogena t ion  
p r o c e s s  t o  be examined. The e f f e c t  t h a t  chemica l  t y p e  has  on  t h e  
c o a l  hydrogenat ion  r e a c t i o n  may t h e n  be s t u d i e d  d i r e c t l y  and ,  i n  
a d d i t i o n ,  t h e  h y d r o g e m t i o n  p r o c e s s  may be r e p r e s e n t e d  by a compos i t e  
p r o c e s s  made up from t h e  i n d i v i d u a l  r e a c t i o n s  o f  t h e  d i f f e r e n t  
f r a c t i o n s .  
The work now to  be r e p o r t e d  t e s t e d  t h i s  h y p o t h e s i s  by r e a c t i n g  such  
f r a c t i o n s  i n d i v i d u a l l y  w i t h  t e t r a l i n ,  w i t h o u t  any a d d i t i o n s  o f  
c a t a l y s t  or gaseous  hydrogen. The u n t r e a t e d  whole c o a l  w a s  a l s o  
r e a c t e d  to  t e s t  whether  pheno l ,  p r e s e n t  i n  t h e  c o a l  f r a c t i o n s  as a 
r e s u l t  o f  t h e  f r a c t i o n a t i o n  p rocedure ,  w a s  hav ing  any s i g n i f i c a n t  
e f f e c t  on t h e  r e a c t i o n  w i t h  t h e  f r a c t i o n s .  

EXPERIMENTAL 

Exper imenta l  p rocedure  
Morwell brown c o a l  w a s  s o l u b i l i z e d  by r e a c t i n g  w i t h  pheno l ,  i n  t h e  
p r e s e n c e  of pa ra  t o l u e n e  s u l f o n i c  a c i d  a t  183Oc and t h e  r e a c t i o n  
p r o d u c t  was then  s e p a r a t e d  i n t o  f o u r  f r a c t i o n s .  The s t r u c t u r a l  
c h a r a c t e r i s t i c s  of  the f o u r  f r a c t i o n s ,  as  d e s c r i b e d  i n  ou r  o t h e r  
pape r  ( l ) ,  a r e  summarized i n  Tab le  1. AS t h e s e  c h a r a c t e r i s t i c s  a r e  
i n f l u e n c e d  t o  some e x t e n t  by t h e  p r e s e n c e  o f  c h e m i c a l l y  combined 
pheno l ,  t h e  c o n t e n t  o f  t h i s  i n  e a c h  f r a c t i o n ,  as e s t i m a t e d  i n  t h e  
p r e s e n t  work and conf i rmed by r e f e r e n c e  t o  t h e  l i t e r a t u r e  ( 2 , 3 )  i s  
a l s o  no ted  i n  Tab le  1. 
Approximately 39 samples  o f  t h e  c o a l  f r a c t i o n s  and o f  t h e  whole  c o a l  
were t h e n  r e a c t e d  s e p a r a t e l y  w i t h  2 5  - 30 'ml  o f  t e t r a l i n  a t  45Ooc i n  
a t y p e  316 s t a i n l e s s  s tee l ,  s e a l e d  reactor, 13  cm h igh  by 2 c m  
d i a m e t e r .  The reactor w a s  h e a t e d  by p lung ing  i t  i n t o  a p r e h e a t e d  
f l u i d i z e d  sand b a t h ;  a f t e r  4 h o u r s  it w a s  removed and quenched 
r a p i d l y .  
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Table 1: S t r u c t u r a l  C h a r a c t e r i s t i c s  o f  Coal F r a c t i o n s  
S e p a r a t e d  from S o l u b i l i z e d  Brown Coal (1) 

L I Z  F r a c t i o n  

A 
l i q u i d  

o l u b l e  i n  

B 
l i q u i d  

n s o l u b l e  i n  
e n t a n e  b u t  
o l u b l e  i n  
enzene  

C 
p i t c h  i n s o l -  

b l e  i n  benzene  
u t  s o l u b l e  i n  
enzene/e t h a n o l  
zeo t rope  

D 
s o l i d  i n s o l -  

b l e  i n  e t h a n o l ,  
enzene  azeo-  

%ass % 
Phenol  

50  

5 0  

25 

10 

S t r u c t u r a l  C h a r a c t e r i s t i c s  

Mostly a l i p h a t i c  m a t e r i a l  w i t h  s o m e  mono- 
a r o m a t i c  p a r t s  broken  o f f  t h e  c o a l  by 
C-C c l e a v a g e .  Apar t  from combined-phenol 
it h a s  n e g l i g i b l e  p o l a r  m a t e r i a l .  I t  
c o n t a i n s  some f r e e  p a r a f f i n i c  m a t e r i a l ,  
b u t  e x i s t s  mos t ly  as a l k y l  pheno l s  and 
a l k y l - a r y l  e t h e r s  

A m i x t u r e  of  a l k y l  s i d e  c h a i n s  and arom- 
a t i c  f r agmen t s ,  p redominant ly  d i - a romat i c .  
I t  e x i s t s  e i t h e r  as a l k y l  p h e n o l s  o r  a s  
a r o m a t i c  f r agmen t s  a t t a c h e d  t o  phenol  by 
methylene  b r i d g e s .  I t  a lso c o n t a i n s  o t h e  I oxygen f u n c t i o n a l  groups  

C o n s i s t s  almost e n t i r e l y  o f  a r o m a t i c  
f r agmen t s  a t t a c h e d  t o  phenol  by methylene  
b r i d g e s .  These f ragments  are l a r g e r  t han  
i n  f r a c t i o n  B a s  t h e y  c o n t a i n  po lya romat i  
g roups .  I t  h a s  more oxygen f u n c t i o n a l  
g roups  t h a n  E. 

Predominant ly  d i a r o m a t i c  and p o l y n u c l e a r  
pe rhaps  combined through n a p h t h e n i c  
b r i d g e s ,  w i t h  n e g l i g i b l e  a l i p h a t i c  
con t e n t  

The t empera tu re  o f  t h e  r e a c t i o n  mix was measured by a s t a i n l e s s  s teel-  
shea thed  thermocouple  i n s e r t e d  through t h e  r e a c t o r  cap .  Heat ing  up 
and c o o l i n g  down t i m e s  w e r e  s m a l l  compared w i t h  t h e  t o t a l  r e a c t i o n  
t i m e .  I n  a l l  c a s e s  t h e  f r e e  s p a c e  i n  t h e  r e a c t o r  was f l u s h e d  wi th  
n i t r o g e n  b e f o r e  s e a l i n g ,  and t h e  r e a c t i o n  proceeded  unde r  a sma l l  
i n i t i a l  n i t r o g e n  p r e s s u r e .  
A f t e r  r e a c t i o n ,  a n y  s o l i d  r e s i d u e  w a s  f i l t e r e d  o f f  and t h e  l i q u i d  
p r o d u c t  w a s  s e p a r a t e d  by d i s t i l l a t i o n  i n t o  a bot toms p r o d u c t  and a 
d i s t i l l a t e  t h a t  i n c l u d e d  u n r e a c t e d  t e t r a l i n  and low-bo i l ing  p roduc t s  
from both  t h e  c o a l  and t h e  t e t r a l i n .  As t e t r a l i n  b r e a k s  down under 
d i s s o l u t i o n  c o n d i t i o n s  t o  form mainly  t h e  t e t r a l i n  i somer  1-methyl 
i n d a n ,  naph tha lene  and a l k y l  benzenes  ( 4 )  i t  w a s  assumed t h a t  no 
compound w i t h  a h i g h e r  b o i l i n g  p o i n t  t han  n a p h t h a l e n e  w a s  formed 

f o r e  con t inued  u n t i l  n a p h t h a l e n e  s topped  sub l iming .  Some r e s i d u a l  
naph tha lene  remained  i n  t h e  bottoms p r o d u c t ;  i t s  mass, a s  de termined  , 
from nmr and e l e m e n t a l  a n a l y s i s ,  was s u b t r a c t e d  from t h e  mass Of 

r ecove red .  I t  w a s  assumed t h a t  a l l  naph tha lene  p r e s e n t  came from 
t h e  t e t r a l i n ,  n o t  t h e  coal.  However, as t h e  amount of t e t r a l i n  

r e a s o n a b l e .  

h e r e  c a l l e d  s o l v e n t - r a n g e  m a t e r i a l ,  f o l l o w i n g  t h e  t e rmino logy  used 
by Whi t ehur s t  e t  a1 ( 5 ) .  I t s  mass was e s t i m a t e d  by mass b a l a n c e  
o v e r  t h e  m a t e r i a l  r ecove red  from t h e  r e a c t i o n  a s  it c o u l d  n o t  be 

from t h e  s o l v e n t ,  and t h e  d i s t i l l a t i o n  t o  r e c o v e r  s o l v e n t  was there- ‘Y 

bot toms p r o d u c t  r e c o v e r e d  and inc luded  i n  t h e  amount of d i s t i l l a t e  1 

r e a c t e d  was 10 t i m g  t h e  amount o f  c o a l  t h i s  assumpt ion  a p p e a r s  ! 
i 

M a t e r i a l  formed f rom t h e  c o a l  which a p p e a r s  i n  t h e  d i s t i l l a t e  is  t 
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s e p a r a t e d  from t h e  l a r g e  e x c e s s  o f  t e t r a l i n  a n d ’ t e t r a l i n  breakdown 
p r o d u c t s  a l s o  con ta ined  i n  t h e  d i s t i l l a t e .  Th i s  p rocedure  i n c l u d e s  
w i t h  t h e  mass o f  so lven t - r ange  ma te r i a l  any  g a s e s  and w a t e r  formed 
i n  t h e  r e a c t i o n .  

A n a l y s i s  t echn iques  
The c o n t e n t s  of t h e  major breakdown p r o d u c t s  of t e t r a l i n  ( n a p h t h a l -  
e n e  and 1-methyl i ndan)  p r e s e n t  i n  t h e  d i s t i l l a t e  were d e t e r m i n e d  by 
g a s - l i q u i d  chromatography us ing  a H e w l e t t  Packard  S e r i e s  5750 
Research  Chromatograph w i t h  a 62m x 0.5mm d i a m e t e r  g l a s s  c a p i l l a r y  
SCOT column coa ted  w i t h  non-polar  SE 30 l i q u i d  phase  ( s e e  Ref ( 4 )  for 
d e t a i l s ) .  
I n f r a r e d  s p e c t r a  of t h e  o r i g i n a l  coal ,  t h e  o r i g i n a l  c o a l  f r a c t i o n s ,  
and a l l  bottoms p roduc t  and  r e s i d u e s  d e r i v e d  from them w e r e  measured 
on a P e r k i n  Elmer 457 G r a t i n g  I n f r a r e d  Spec t ropho tomete r .  L i q u i d  
samples  w e r e  ana lysed  a s  a t h i n  f i l m  or  smear. S o l i d  samples  were 
p r e p a r e d  a s  a KBr d i s c  c o n t a i n i n g  approx ima te ly  0 . 3 %  by w e i g h t  s ample .  
The d i s c  w a s  p repa red  by g r i n d i n g  t h e  K B r  m i x t u r e  f o r  2 m i n u t e s  i n  
a t u n g s t e n  c a r b i d e  TEMA g r i n d i n g  b a r r e l ,  d r y i n g  f o r  24 h i n  a vacuum 
d e s i c c a t o r  over  phosphorus p e n t o x i d e ,  t h e n  p r e s s i n g  i n t o  a disc a t  
1 0  t o n s  f o r c e ,  a t  room t e m p e r a t u r e ,  b u t  unde r  vacuum. 
P ro ton  nmr s p e c t r a  o f  f r a c t i o n s  A,B and  C and a l l  bot toms p r o d u c t s  
w e r e  r e c o r d e d  on a Var i an  HA lOOnmr s p e c t r o m e t e r  u s i n g  a s o l u t i o n  
of t h e  sample d i s s o l v e d  i n  py r id ine -dg .  S p e c t r a  w e r e  run  a t  room 
t e m p e r a t u r e  w i t h  t e t r a  methyl  s i l a n e  (TMS) as  a n  i n t e r n a l  s t a n d a r d ,  
w i t h  a sweep width of 0 t o  1 0 0 0  c p s  from TMS. F r a c t i o n  D and  the 
whole c o a l  were o n l y  p a r t l y  s o l u b l e  i n  p y r i d i n e  and it was t h e r e f o r e  
n o t  p o s s i b l e  t o  g e t  r e p r e s e n t a t i v e  s p e c t r a  f rom them. 
Carbon, hydron and oxygen c o n t e n t s  o f  t h e  o r i g i n a l  c o a l ,  o r i g i n a l  
f r a c t i o n s ,  bottoms and r e s i d u e s  w e r e  de t e rmined  m i c r o a n a l y t i c a l l y  
by t h e  CSIRO M i c r o a n a l y t i c a l  S e r v i c e .  Ash c o n t e n t s  of  samples  w e r e  
de t e rmined  i n  a S t a n d a r d  a s h i n g  oven ( 6 ) .  P h e n o l i c  and c a r b o x y l i c  
oxyrJens w e r e  measured by t h e  S t a t e  E l e c t r i c i t y  Commission, u s i n g  
t e c h n i q u e s  deve loped  by them f o r  brown c o a l s  ( 7 ) .  

Canposite 

d 1 0 0 4  
dry 
Cwl 

88 
38 

74 

200 

RESULTS 
Recovery of c o a l  m a t e r i a l  from t h e  r e a c t i o n  w i t h  t e t r a l i n  
The y i e l d s  of t h e  d i f f e r e n t  p r o d u c t s  from t h e  r e a c t i o n s  of  t h e  
v a r i o u s  f r a c t i o n s  w i t h  t e t r a l i n  a r e  summarized i n  Tab le  2 .  

Whole 
Coa l  

9/1009 
dry 
coal 

46 
40 

14 

100 

C L! 
o n e n t  

mttcms 

residue 

jolvent 
range 

\total 

% of g/lOOg % of g/lOOg % of g/ldOg % of g/lOOg 
frac- dry frac- dry frac- dry frac- dry 
t ion coal tion coal t ion  coal t ion  coal 

47 13 56 37 37 29 30 9 
0 0 0 0  21 21 6 1  17 

53 15 44 29 36 28 9 2  

L O O  28 100 66 100 78 100 28 
lfractiod I I I 

Table 2: Yields of original coal fractions and their products of 
reaction with t e t r a l in ,  g/lOOg or ig ina l  dry coal. 
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These  y i e l d s  a r e  a l s o  g iven  on t h e  b a s i s  o f  100  g of  o r i g i n a l  d r y  
c o a l  b e f o r e  f r a c t i o n a t i o n .  The bot tom l i n e  o f  t h e  t a b l e  shows the 
m a s s  of e a c h  f r a c t i o n  o b t a i n e d  from 1 0 0  g of  d r y  c o a l .  The masses  
i n c l u d e  chemica l ly  combined pheno l  and r e s i d u a l  s o l v e n t  a s s o c i a t e d  
w i t h  t h e  f r a c t i o n  as a r e s u l t  of t h e  c o a l  p r e p a r a t i o n  and f r a c t i o n -  
a t i o n  scheme. (For  e v e r y  lOOg o f  o r i g i n a l  d r y  c o a l  a n  a d d i t i o n a l  
lOOg of e x t r a n e o u s  m a t e r i a l  was p r e s e n t .  E lementa l  b a l a n c e s  and 
o t h e r  e v i d e n c e  showed t h a t  a b o u t  70g of  this w a s  pheno l  and t h e  
r ema inde r  w a s  e x c e s s  s o l v e n t  (benzene )  n e v e r  s e p a r a t e d  from t h e  
o r i g i n a l  f r a c t i o n s ) .  Note t h a t  w i t h  f r a c t i o n s  A and B no sol id  
r e s i d u e  w a s  o b t a i n e d .  
The amount o f  r e s i d u e  r ecove red  from t h e  o t h e r  t w o  f r a c t i o n s  is 
a l m o s t  t h e  same as t h a t  r ecove red  from t h e  whole-coal r e a c t i o n ,  
s u g g e s t i n g  t h a t  t h e  combined pheno l  and r e s i d u a l  s o l v e n t  end up  
comple t e ly  i n  t h e  bo t toms  p r o d u c t  and  s o l v e n t - r a n g e  p r o d u c t .  

Composition of t h e  coal p r o d u c t s  
T a b l e  3 shows e l e m e n t a l  compos i t ions  o f  t h e  o r i g i n a l  c o a l  f r a c t i o n s ,  
the  s o l i d  r e s i d u e s  and t h e  bot toms p r o d u c t s ,  t o g e t h e r  w i t h  t h e  
p o r t i o n s  of  t h e  t o t a l  oxygen p r e s e n t  as p h e n o l i c  and c a r b o x y l i c  
g roups .  Because o f  d i l u t i o n  w i t h  combined phenol  and benzene s o l v e n t  
t h e  composi te  a n a l y s i s  of t h e  or ig ina l  f r a c t i o n s  h a s  h i g h e r  carbon 
and  lower oxygen c o n t e n t s  t h a n  t h e  o r i g i n a l  whole c o a l  ( n o t e  a l s o  t h e  
h i g h e r  p h e n o l i c  oxygen c o n t e n t ) .  
A s  expec ted ,  bo th  t h e  bot toms p r o d u c t s  and t h e  r e s i d u e s ,  where formed, 
have  s u b s t a n t i a l l y  h i g h e r  ca rbon  and  lower  oxygen c o n t e n t s  t h a n  the 
o r i g i n a l  f r a c t i o n s ,  b u t  whereas i n  t h e  bot toms p r o d u c t s  t h e  hydrogen 
c o n t e n t s  have  i n c r e a s e d  i n  t h e  r e s i d u e s  t h e y  a r e  reduced .  The 
bot toms p r o d u c t s ,  i n c l u d i n g  t h a t  from t h e  whole c o a l ,  a r e  remarkably  
s i m i l a r  i n  compos i t ion  t o  each  o t h e r .  L ikewise  t h e  r e s i d u e s  a r e  
s i m i l a r  i n  compos i t ion  t o  each  o t h e r .  
F i g u r e  1 shows r e p r e s e n t a t i v e  i n f r a r e d  s p e c t r a  f o r  t h e  f r a c t i o n s  
b e f o r e  r e a c t i o n  and f o r  bottoms p r o d u c t s  and r e s i d u e s .  Although 
t h e r e  w e r e  c o n s i d e r a b l e  d i f f e r e n c e s  i n  t h e  s p e c t r a  of  t h e  f o u r  
o r i g i n a l  f r a c t i o n s  t h e  s p e c t r a  o b t a i n e d  f o r  t h e i r  bottoms p r o d u c t s  
w e r e  q u i t e  s i m i l a r .  The s p e c t r a  show t h a t  s i g n i f i c a n t  amounts of 
a l i p h a t i c  m a t e r i a l  (2850 and 2920 c m - l )  i s  p r e s e n t  i n  t h e  bot toms.  
An a r o m a t i c  c o n t e n t  is  i n d i c a t e d  by t h e  a r o m a t i c  C-H s t r e t c h i n g  
v i b r a t i o n  a t  3030 c m - l ,  b u t  t h i s  i s  due  i n  p a r t ,  a t  l e a s t ,  t o  r e s i d u a l  
n a p h t h a l e n e  and t o  pheno l  combined w i t h  t h e  o r i g i n a l  f r a c t i o n .  
Absorp t ion  a t  3 4 0 0  c m - l  (due t o  hydrogen bonded O H ) ,  p r e s e n t  i n  b o t h  
t h e  c o a l  f r a c t i o n s  and  t h e  c o a l  b e f o r e  r e a c t i o n ,  h a s  a lmos t  d i sap -  
pea red  i n  t h e  p r o d u c t s  from t h e  c o a l  f r a c t i o n s .  The a b s o r p t i o n  d o e s  
s t i l l  o c c u r  i n  t h e  bot toms p r o d u c t  from t h e  whole c o a l ,  a l t h o u g h  i t  
is g r e a t l y  reduced .  
The s p e c t r a  show t h a t  c a r b o n y l  g r o u p s  ( a b s o r p t i o n  a t  1 7 0 0 - ~ r n - ~ )  and 
the broad  a b s o r p t i o n  i n  t h e  recjion 1000 - 1200 cm-1 due  t o  oxygen 
f u n c t i o n a l  g roups ,  b o t h  normal ly  p r e s e n t  i n  coal, have been 
d e s t r o y e d ,  i n d i c a t i n g ,  as would be  e x p e c t e d ,  t h a t  f u n c t i o n a l - g r o u p s  
are d e s t r o y e d  d u r i n g  t h e  r e a c t i o n .  The a b s e n c e  o f  a l a r g e  hydrogen- 
bonded OH peak a t  3 4 0 0  c m - 1  i n d i c a t e s  t h a t  t h e  remain ing  oxygen 
a b s o r p t i o n  a t  1250 c m - I  i s  n o t  due  to  phenol .  
may be due  t o  e t h e r  a b s o r p t i o n ,  b u t  t h i s  a s s ignmen t  is by n o  means 
c e r t a i n ,  as norma l ly  e t h e r  a b s o r p t i o n  i n  t h i s  r e g i o n  i s  broad  whereas 
t h e  s p e c t r a  show s h a r p  a b s o r p t i o n .  
A l i p h a t i c  m a t e r i a l  still remains  i n  t h e  r e s i d u e  from t h e  whole c o a l ,  
b u t  i s  v i r t u a l l y  e l i m i n a t e d  e l i m i n a t e d  i n  t h e  r e s i d u e  from f r a c t i o n  
C. The a b s o r p t i o n  a t  1170 c m - l  i n  t h e  s p e c t r a  of b o t h  r e s i d u e s  may 
b e  due t o  benzofu ran  t y p e  s t r u c t u r e s  (8), b u t  i t  i s  f e l t  t h a t  t h e  
s t r o n g  a b s o r p t i o n  i n  t h e  r e g i o n  1000-1200 c m - 1  may have been  enhanced 
by t h e  p r e s e n c e  o f  s i l i c a ,  a major component of t h e  a s h  c o n t e n t  i n  
t h i s  c o a l .  

T h i s  a b s o r p t i o n  
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o r i g i n a l  
f r a c t i o n  

C 
n 
0 p h e n o l i c  
0 c a r b o l i c  
0 t o t a l  
a s h  
unaccounte  

r e s i d u e  
C 
n 
0 
a s h  
unaccounte  

b o t  toms 

C 
H 
0 

f r a c t i o n  

C 

6 9  
5 

7 
5 

2 1  
2 
3 

89 
4 
3 

N.D. 
N.D. 

8 6  
7 
7 

D 

7 1  
4 

11 
4 

18 
3 
4 

8 6  
4 
3 
7 
0 

83 
7 

10 

~ 

CQnposite 

7 2  
5 

8 
4 

1 8  
2 
3 

8 8  
4 
3 

N.D. 
N.D. 

8 5  
7 
8 

Whole 

Coal 

6 3  
5 

5 
5 

2 5  
4 
3 

8 5  
4 
5 
8 

- 2  

8 5  
8 
7 

Tab le  3 :  Composition of t h e  f r a c t i o n s  and t h e i r  r e a c t i o n  p r o d u c t s ,  
mass %. N.D. means n o t  de t e rmined  ( i n  t h e  case o f  t h e  
r e s i d u e  from f r a c t i o n  C i n s u f f i c i e n t  sample was a v a i l a b l e  
f o r  a n  a s h  d e t e r m i n a t i o n ) .  Note t h a t  t h e  method f o r  
backing  o u t  naph tha lene  from t h e  bot toms i n v o l v e s  normal- 
i z i n g  t h e  composi t ion  t o  C + H + 0 = 100%. 

I 
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Table  4 shows t h e  p r o t o n  r a t i o s  o b t a i n e d  from t h e  nmr s p e c t r a  on t h e  
o r i g i n a l  f r a c t i o n s  A ,  B and C and a l l  t h e  bot toms p roduc t s .  The 
p r o t o n  r a t i o s  f o r  t h e  bottoms p r o d u c t s  have  been a d j u s t e d  t o  e l i m i n -  
a t e  a b s o r p t i o n s  due t o  r e s i d u a l  naph tha lene .  Note t h a t  t h e  o r i g i n a l  
f r a c t i o n s  c o n t a i n e d  hydrogen p r e s e n t  from combined pheno l .  Most of 
t h i s  hydrogen a p p e a r s  as  monoaromatic hydrogen ,  b u t  when t h e  phenol 
-OH i s  s t i l l  i n t a c t ,  one pro ton  w i l l  appea r  a s  OH hydrogen. 

ratio of proton! 
present i n  var- 
ious forms to 
total p r o t o m , %  

IH hydrogen 

liarmatic 
rpnOarcaMtic 

i lef inic  
Ethylene bridge 
imetkire and 
Ethylene 

p methylene 

y aliphatic 

mlyararratic 

ccmethyl 

B mthyl  

A 

or ig  bttm 
frac- 
tion 

7 0 
0 0 
6 0 

63  46 
1 0 
4 5 

15 
: 3  

8 
3 10 

13 1 2  
0 4 

2.8 0.9 

B 

fraction 

C 

or ig  bottoms 
frac- 
t ion 

1 7  0 
0 0 

1 0  0 
58 54 

0 0 
9 4 
0 17 

1 8 
1 13 
4 5 
0 0 

4.5 1 . 2  

o r ig  bot- 
frac- 
t ion  

19 0 
6 0 
8 0 

44 42 
0 0 

17 1 
0 21 

4 11 
0 1 4  
1 10 
0 0 

2.7 0.7 

D 

0 
0 
0 

43 
0 
1 

2 1  

11 
16 
7 
0 

0.8 

0 
0 
0 

48 
0 
3 

18 

9 
13 
8 
1 - 

h o l e  
bl 

0 
0 
0 

33 
0 
0 

24 

8 
20 
12 

4 

0.9 I 0.5 

Table 4: Distribution of protons by type and overall  aromatic/aliphatic proton 
ra t ios  f o r  the original fractions and bottans products, as determined 
by proton nmr. 

The nmr a n a l y s e s  of t h e  bottoms p r o d u c t s  g i v e n  i n  Tab le  4 show t h e  
m a t e r i a l  t o  have  a l a r g e  a l i p h a t i c  c o n t e n t .  The a r o m a t i c / a l i p h a t i c  
r a t i o s  of t h e  f r a c t i o n s  a r e  h i g h e r  t h a n  f o r  t h e  whole c o a l  because  
o f  t h e  p r e s e n c e  o f  combined phenol  and u n s e p a r a t e d  benzene s o l v e n t ;  
r e a c t i o n  w i t h  t e r a l i n  r educes  t h e s e  r a t io s  c o n s i d e r a b l y ,  presumably 
by t r a n s f e r  of much of  t h i s  mater ia l  t o  t h e  s o l v e n t - r a n g e  p r o d u c t ,  
b u t  some of i t  m u s t  remain i n  t h e  bottoms as t h e  a r o m a t i c / a l i p h a t i c  
r a t io  of t h e  composi te  bottoms p roduc t  f rom t h e  f r a c t i o n s  i s  h i g h e r  
t h a n  t h a t  from t h e  whole c o a l .  I t  w a s  n o t  p o s s i b l e  t o  c a l c u l a t e  t h e  
c o n t r i b u t i o n  t h a t  t h e  d i l u e n t s ,  e x c e s s  s o l v e n t  and  combined pheno l ,  
made t o  t h e  a r o m a t i c  H ,  bu t  t h e  l a r g e  monoaromatic c o n t e n t  of  t h e  
bottoms p r o d u c t  must be due, i n  p a r t ,  t o  t h e s e .  
The r emarkab le  f e a t u r e  i n  Tab le  4 i s  t h a t  a f t e r  t h e  s p e c t r a  a re  
a d j u s t e d  f o r  n a p h t h a l e n e ,  none of t h e  bot toms p r o d u c t s  show t h e  
d i a r o m a t i c  O r  po lya romat i c  material  which w e r e  p r e s e n t  i n  t h e  o r i g i n a l  
m a t e r i a l s .  In  t h e  case of f r a c t i o n s  C and  D one  might e x p e c t  t h i s  
m a t e r i a l  t o  end up i n  t h e  s o l i d  r e s i d u e ,  b u t  i n  t h e  r e a c t i o n s  of 
f r a c t i o n  A and e s p e c i a l l y  w i t h  f r a c t i o n  B ,  where a l a r g e  d i a r o m a t i c  
c o n t e n t  e x i s t e d  b e f o r e  r e a c t i o n ,  n o  r e s i d u e  w a s  formed; t h u s  sugges t -  
i n g  t h a t  a r o m a t i c  r i n g s  must b e  broken  d u r i n g  t h e  r e a c t i o n .  In  
a d d i t i o n ,  none o f  t h e  OH hydrogen p r e s e n t  i n  t h e  o r i g i n a l  c o a l  
f r a c t i o n s  a p p e a r s  i n  t h e  bottoms p r o d u c t .  
The s o l v e n t - r a n g e  p roduc t  w a s  no t  s e p a r a t e l y  a n a l y s e d  a s  it was n o t  
a b l e  t o  b e  s e p a r a t e d  from t h e  r ecove red  s o l v e n t  i n  t h e  d i s t i l l a t e .  
However, GLC examina t ion  of t h e  d i s t i l l a t e  i n d i c a t e d  t h a t  t h e  
s o l v e n t - r a n g e  p r o d u c t  was d e r i v e d  main ly  from a l i p h a t i c  s i d e  c h a i n s  
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i n  t h e  c o a l  (9). Note t h a t  v i r t u a l l y  no s o l v e n t - r a n g e  p r o d u c t  was 
d e r i v e d  from f r a c t i o n  D. 
Naphthalene and 1-methyl indan  c o n t e n t s  i n  t h e  d i s t i l l a t e  w e r e  
measured by GLC i n  o r d e r  to c a l c u l a t e  t h e  amount o f  hydrogen  t r a n s -  
f e r r e d  t o  t h e  c o a l  m a t e r i a l  from t h e  s o l v e n t .  ~t is beyond t h e  
scope  of t h i s  pag r  t o  d i s c u s s  i n  d e t a i l  t h e  r e s u l t s  t h a t  were 
o b t a i n e d ,  bu t  it is  i n t e r e s t i n g  t o  compare t h e  n a p h t h a l e n e  c o n t e n t  
of t h e  s o l v e n t  r e c o v e r e d  from t h e  r e a c t i o n s  between t e t r a l i n  and t h e  
c o a l  f r a c t i o n s  w i t h  t h e  naph tha lene  c o n t e n t  of t h e  s o l v e n t  when 
t e t r a l i n  i s  h e a t e d  a l o n e  (Tab le  5 ) .  The l a r g e  i n c r e a s e  i n  naphtha-  
l e n e  c o n t e n t  when t e t r a l i n  i s  r e a c t e d  i n  t h e  p re sence  o f  c o a l  
material  can o n l y  be e x p l a i n e d  b y  a r e a c t i o n  mechanism i n v o l v i n g  
f r e e  r a d i c a l s .  

A B C Whole T e t r a l i n  h e a t e d  
D 1 Coal a l o n e  a t  45OoC 4h.* 

12.9 16 .9  23.8 17.1 11.1 4.3 

DISCUSSION 

The e f f e c t  of pheno l  
Three  t v p e s  o f  pheno l  compounds have been i d e n t i f i e d  i n  t h e  f r a c t i o n s  
d e r i v e d -  rrom t h e  p r o d u c t  of t h e  pheno la t ion  r e a c t i o n  (1,2) : a l k y l  
pheno l s  and a l k y l - a r y l  e t h e r s ,  bo th  formed by combining pheno l  w i th  
a l k y 1 , s i d e  c h a i n s  c l e a v e d  from t h e  c o a l  molecule ,  and compounds made 
up of a romat i c  f r agmen t s  a t t a c h e d  t o  phenol by a me thy lene  b r i d g e ,  
formed by c l e a v i n g  a r o m a t i c - a l i p h a t i c  l i n k a g e s  i n  t h e  coal  and 
exchanging  t h e  a r o m a t i c  s t r u c t u r e s  wi th  phenol .  For t h e  hydrogenat ion  
of  c o a l  f r a c t i o n s  s e p a r a t e d  f r o m  t h e  pheno la t ed  p roduc t  t o  s i m u l a t e  
t h e  hydrogenat ion  of t h e  whole c o a l  t h e  removal of  c o a l  f r agmen t s  
from t h e  c o a l  mo lecu le  d u r i n g  t h e  pheno la t ion  r e a c t i o n  must  i n v o l v e  
s imi l a r  C-C c l e a v a g e  p r o c e s s e s  a s  would occur  by t h e  t h e r m a l  break-  
down of c o a l  d u r i n g  a hydrogenat ion  r e a c t i o n .  For example ,  one 
would expec t  a l k y l  s i d e  c h a i n s  t o  be c l eaved  o f f  under  hydrogena t ion  
c o n d i t i o n s ,  i n  much t h e  same w a y  as has  been seen  t o  o m u r  i n  t h e  
p h e n o l a t i o n  r e a c t i o n .  Moreover o t h e r  workers  have shown t h a t  t h e  
molecu la r  w e i g h t s  of  c o a l  f r agmen t s . f rom t h e  p h e n o l a t i o n  r e a c t i o n  
are i n  t h e  r e g i o n  300 - 1 0 0 0  (3) which i s  t h e  same m o l e c u l a r  weight  
r ange  a s  for p r o d u c t s  from a c o a l  d i s s o l u t i o n  r e a c t i o n  (4). Thus, 
bo th  p r o c e s s e s ,  one  i n v o l v i n g  C-C c leavage  by p h e n o l a t i o n ,  t h e  o t h e r  
by the rma l  breakdown. produce  c o a l  f rayments  of t h e  same s i z e .  The 
hydrogenat ion  o f  t h e  coal f ragments  can  t h e r e f o r e  be  c o n s i d e r e d  t o  
s i m u l a t e  t h e  r e a c t i o n  o f  t h e  whole c o a l ,  p r o v i d i n g  a p p r o p r i a t e  
a l lowance  is made f o r  t h e  movement of  t h e  phenol  groups  themse lves .  

The n a t u r e  of  t h e  p r o d u c t s  
The composi t ion  of t h e  bottoms p roduc t s  from t h e  v a r i o u s  r e a c t i o n s  
w e r e  a l l  s i m i l a r ,  r e g a r d l e s s  o f  t h e  o r i g i n a l  m a t e r i a l .  E lementa l  
composi t ion  r anged  from 83.3% t o  86.4% carbon,  from 6.6% t o  7.2% 
hydrogen, and f rom 6.7% t o  1 0 . 1 %  oxygen. I n f z a r e d  and nmr a n a l y s i s  
show t h e  m a t e r i a l  t o  b e  l a r g e l y  a l i p h a t i c ,  w i t h  hydrogen bonding i n  
t h e  product  a l m o s t  d e s t r o y e d .  S i m i l a r l y , t h e  r e s i d u e  i n  a carbon- 
r i c h  m a t e r i a l  w i t h  v e r y  l i t t l e  oxygen w e r e  a l l  s i m i l a r .  I t s  
e l emen ta l  compos i t ion  ranged  from 86.1% t o  89.3% c a r b o n ,  3.8% t o  
4 . 2 %  hydrogen, and 2 . 6 %  t o  2.9% oxygen. The m a t e r i a l  i s  main ly  
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a r o m a t i c  w i t h  p e r h a p s  some benzofuran  t y p e  s t r u c t u r e s ,  s u g g e s t i n g  
t h a t  c o n d e n s a t i o n  r e a c t i o n s  may b e  invo lved  i n  i t s  f o r m a t i o n .  
Most i m p o r t a n t l y ,  a s o l i d  r e s i d u e  was shown t o  form o n l y  f rom 
f r a c t i o n s  C and  D. A s  f r a c t i o n  C was comple t e ly  s o l u b l e  i n  t e t r a -  
l i n  and t h e  reac tor  f e e d  b e f o r e  r e a c t i o n  was t h e r e f o r e  l i q u i d ,  t h e  
s o l i d  ma te r i a l  p r e s e n t  a f t e r  r e a c t i o n  was, i n  t h e  case o f  f r a c t i o n  
c a t  l eas t ,  n o t  p r e s e n t  i n ’  t h e  o r i g i n a l  coal and  must t h e r e f o r e  be 
a p r o d u c t  of t h e  r e a c t i o n .  
Al though w e  have  f o l l o w e d  t h e  u s u a l  nomencla ture  i n  c a l l i n g  t h i s  
s o l i d  a “ r e s i d u e “ ,  s u c h  nomencla ture  i s  m i s l e a d i n g  i n  terms o f  
r e a c t i o n  mechanism. Presumably s o m e  o f  t h e  “ r e s i d u e “  formed i n  t h e  
r e a c t i o n  o f  t h e  who le  coal i s  genuine  u n r e a c t e d  r e s i d u e  and  some i s  
a r e a c t i o n  p r o d u c t ,  and o n e  of  t h e  aims of l i q u e f a c t i o n  r e s e a r c h  
must be t o  l e a r n  how t o  minimize t h e  fo rma t ion  of s u c h  s o l i d  p r o d u c t s  
(10). 
The mechanism o f  coal d i s s o l u t i o n  
The c lass ic  view o f  t h e  mechanism f o r  t h e  r e a c t i o n  between coal and 
a hydrogen-donor s o l v e n t  i n v o l v e s  t h e  t h e r m a l  breakdown of the s i n g l e  
carbon-carbon bonds  w i t h i n  t h e  coal t o  produce  r e a c t i v e  f ragments  i n  
t h e  form o f  f r e e  rad ica ls  which are  t h e n  s t a b i l i z e d  by hydrogen 
t r a n s f e r r e d  f rom t h e  s o l v e n t  or e l sewhere  i n  t h e  coal.  I f  i n s u f f i c -  
i e n t  hydrogen i s  a v a i l a b l e  t h e  a r o m a t i c  f r agmen t s  c a n  po lymer i ze  
y i e l d i n g  c h a r s  o r  c o k e .  Another view of c o a l  d i s s o l u t i o n .  b u t  much 
less w i d e l y  h e l d ,  is t h a t  o i l  i s  produced f rom coal v i a  an a s p h a l t e n e  
i n t e r m e d i a t e  (11). 
A m o s t  s t r i k i n g  r e s u l t  from t h e  w o r k  d e s c r i b e d  above i s  t h a t  t h e  
compos i t ion  o f  t h e  bottoms p roduc t  from t h e  d i s s o l u t i o n  r e a c t i o n  d i d  
n o t  depend on t h e  chemica l  s t r u c t u r e  of t h e  o r i g i n a l  coal m a t e r i a l ;  
o n l y  t h e i r  r e l a t i v e  q u a n t i t i e s  d i f f e r e d .  T h i s  s u p p o r t s  t h e  view o f  
a f r e e - r a d i c a l  mechanism r a t h e r  t h a n  an a s p h a l t e n e - i n t e r m e d i a t e  
mechanism. The g r e a t l y  i n c r e a s e d  format ion  of naph tha lene  d u r i n g  
t h e  r e a c t i o n  f u r t h e r  s u p p o r t s  t h i s  view. 
Pe rhaps  t h e  g r e a t e s t  d i f f e r e n c e  between t h e  p r e s e n t  work and  more 
c o n v e n t i o n a l  work on h igher - rank  c o a l s  i s  t h e  impor t an t  r o l e  o f  t h e  
f u n c t i o n a l - g r o u p  oxygen.  The impor tance  o f  oxygen g r o u p s  i s  s t r e s s e d ,  
as  t h e  predominant  process d u r i n g  t h e  d i s s o l u t i o n  r e a c t i o n  w a s  t h e  
d e s t r u c t i o n  of f u n c t i o n a l  groups  w i t h i n  t h e  coal.  The r o l e  of  
oxygen i n  t h e  r e a c t i o n  w a s  n o t  c l e a r l y  d e f i n e d  by the p r e s e n t  work, 
b u t  qu inone  g r o u p s ,  f o r  example,  are t h o u g h t  t o  p l a y  a role i n  t h e  
l i q u e f a c t i o n  o f  high-oxygen-content c o a l s  (12), and t h e i r  e f f e c t i v e -  
n e s s  i n  t h e  f r e e  rad ica l  a b s t r a c t i o n  of hydrogen from hydrogen-donor 
compounds i s  w e l l  known ( 1 3 ) .  
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Coal L i q u e f a c t i o n  under  Atmospheric P r e s s u r e  
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INTRODUCTION 
L i q u e f a c t i o n  o f  c o a l s  h a s  been i n v e s t i g a t e d  e x t e n s i v e l y  i n  t h e  

r e c e n t  t i m e  t o  s y n t h e s i z e  l i q u i d  f u e l s  o f  pe t ro leum s u b s t i t u e n t ( 1 ) .  
The p r o c e s s e s  f o r  l i q u e f a c t i o n  proposed are c l a s s i f i e d  i n t o  t h r e e  
major  groups. 
hydrogen p r e s s u r e ,  the  s o l v e n t  r e f i n i n g  o f  c o a l  under  medium 
hydrogen p r e s s u r e ,  and t h e  hydrogenat ion of l i q u i d  produced by d r y  
d i s t i l l a t i o n  of  c o a l .  Among them, t h e  s o l v e n t  r e f i n i n g  may be t h e  
most s k i l l f u l  method f o r  t h e  l a r g e s t  y i e l d  o f  coal l i q u e f a c t i o n  
under  t h e  moderate  c o n d i t i o n s ( 2 ) .  

( 3 , 4 )  from chemica l  v i e w p o i n t s  as f o r  t h e  s o l v e n t s  and t h e  c o a l s  i n  
a previous  p a p e r ( 5 ) .  The l i q u e f a c t i o n  a c t i v i t y  of a s o l v e n t  w a s  
r e v e a l e d  t o  depend n o t  o n l y  on i t s  d i s s o l v i n g  a b i l i t y  b u t  also on 
i t s  r e a c t i v i t y  f o r  the  l i q u e f y i n g  r e a c t i o n  accord ing  t o  t h e  n a t u r e  
of  t h e  c o a l .  The c o a l  which i s  n o n - f u s i b l e  a t  l i q u e f a c t i o n  tempera- 
t u r e  i s  s c a r c e l y  l i q u e f i e d  w i t h  t h e  n o n - r e a c t i v e  aromatic compound. 
T h i s  f a c t  i n d i c a t e s  t h e  importance of  s o l v o l y t i c  r e a c t i v i t y  i n  t h e  
c o a l  l i q u e f a c t i o n .  T h i s  c o n c l u s i o n  cor responds  t o  t h e  f a c t  t h a t  
t e t r a l i n e  or hydrogenated a n t h r a c e n e  o i l  a s s u r e d  t h e  h i g h  l i q u e f a c -  
t i o n  y i e l d  ( 6 )  . 
d e r i v a t i v e s  a n d d e c a c y c l e n e w i t h  c o a l s  of several r a n k s  are s t u d i e d  
t o  a s c e r t a i n  t h e  p r e v i o u s  i d e a s  of l i q u e f a c t i o n  mechanism. The 
coals used i n  t h e  p r e s e n t  s t u d y  are n o n - f u s i b l e  o r  f u s i b l e  a t  
r e l a t i v e l y  h i g h  t e m p e r a t u r e  and t h e n  gave s m a l l  l i q u e f a c t i o n  y i e l d  
w i t h  pyrene of  n o n - s o l v o l y t i c  s o l v e n t  a t  370°C. 

They are d i r e c t  hydrogenat ion of c o a l  under  h i g h  

The p r e s e n t  a u t h o r s  s t u d i e d  t h e  s o l v o l y t i c  l i q u e f a c t i o n  p r o c e s s  

I n  t h e  p r e s e n t  s t u d y ,  t h e  l i q u e f a c t i o n  a c t i v i t i e s  of pyrene 

EXPERIMENTAL 
Coals: The c o a l s  u s e d  i n  t h e  p r e s e n t  s tudy  are l i s t e d  i n  Table  1, 
where some o f  t h e i r  p r o p e r t i e s  are a l s o  summarized. They were 
s r a t e f u l l v  SuRRlied from Shin  NiRROn S t e e l  C O . ,  NiRPOn Kokan CO. ,  
and National i n d u s t r i a l  Research' 'Laboratory o f .  Kyushu. 
L i q u e f a c t i o n  S o l v e n t s :  The s o l v e n t s  used i n  t h e  p r e s e n t  s tudy  are 
l i s t e d  i n  T a b l e s  2 and 3 .  Alkyla ted  and hydrogenated pyrenes  w e r e  
s y n t h e s i z e d  by F r i e d e l - C r a f t s  and B i r c h  r e a c t i o n ,  r e s p e c t i v e l y .  
Detai ls  have been d e s c r i b e d  i n  else p l a c e s ( 7 ) .  
Procedure and A n a l y s i s :  
of a r e a c t o r  of  p y r e x  g l a s s ( d i a m e t e r  3 0  mm, l e n g t h  250 mm, volume 
1 7 5  m l )  w i t h  a s t i r r i n g  b a r  and a c o l d - t r a p .  A f t e r  1 ~ 3  g of coal 
and d e s c r i b e d  amount of t h e  s o l v e n t  w e r e  added i n  t h e  r e a c t o r ,  of 
which weight  w a s  p r e v i o u s l y  measured, t h e  r e a c t o r  w a s  h e a t e d  i n  a 
v e r t i c a l  e lec t r ic  f u r n a c e  under N 2  g a s  f low.  The tempera ture  w a s  
i n c r e a s e d  a t  t h e  rate of  4OC/min, and was k e p t  a t  t h e  p r e s c r i b e d  
tempera ture  f o r  1 h r .  The weight  c a l c u l a t e d  by s u b s t r a c t i n g  t h e  
weight  of t h e  r e a c t o r  cooled  from t h e  t o t a l  weight  d e f i n e d  ' r e s i d u a l  
y i e l d ' .  The weight  o f  o i l  and sublimed m a t t e r  cap tured  i n  t h e  t r a p  

Apparatus  used i n  t h i s  experiment  c o n s i s t e d  



defined 'oil yield'. The difference between the weight of charged 
substances and the residue plus oil yields defined 'gas yield', 
which contained the loss during the experiment. The gas and oil 
yields were usually less than 20 % under the present conditions. 

100 ml of quinoline for 1 hr at room temperature, and filtered after 
centrifugation. This extraction procedure was repeated until the 
filtrate became colorless (usually 2a4 times). The quinoline 
insoluble (QI), thus obtained, was washed with benzene and acetone 
and then dried for weighing. The collected filtrate was evaporated 
to dryness in vacuo and washed with acetone for weighing. The 
degree of the solvolytic liquefaction was described with two ways 
of expression, liquefaction yield (LY) and liquefying efficiency 
(LE), which are defined by equations (1) and (2), respectively. QI 
and the coal fed in these equations were moisture and ash free (maf) 
weights. 

The residual product in the reaction was ground and stirred in 

P 
Liquefaction Yield ( % )  = (1 - x 100 

Liquefying Efficiency ( % )  = (1 - e) x 100 (2) 
QIC 

where QIp, QIS, and QIc are weights of quinoline insoluble in the 
residual product, in the original solvent, and in the heat-treated 
coal at the liquefaction temperature without any solvent, respec- 
tively. LE describes the increased yield of liquefaction by using 
the solvent, indicating its efficiency for the liquefaction. 

RESULTS 
Liquefaction of fusible coal at high temperature 

The liquefaction of Itmann coal, of which softenins point and 
maximum fluidity temperature are 417' and 465OC, respectiiely, was 
carried out at several temperatures using decacyclene as a 
liquefaction solvent. The results are shown in Fig. 1, where the 
QI yield was adopted as a measure of liquefaction extent. Because 
the solubility of decacyclene in quinoline was rather small, the QI 
contained a considerable amount of decacyclene. Liquefaction of 
this c'oal proceeded scarcely below 42OOC of the softening tempera- 
ture. Above this temperature, the QI yield decreased sharply with 
the increasing liquefaction temperature until the resolidification 
temperature of the coal. The maximum LY observed at this tempera- 
ture was estimated 67 % ,  decacyclene being assumed uncharged under 
the conditions. Above the resolidification temperature, the QI 
yleld increased sharply. The carbonization may start. Decacylcene 
was known unreacted at 47OOC in its single heat-treatment(8). 
Liquefaction of coals in alkylated and hydrogenated pyrenes 

Table 2 showslicruefaction activity of alkylated and hydroqenat- 
ed pyrenes, respectiGely. 
pyrene, propylation and ethylation certainly improved the liquefac- 
tion activity of pyrene with these coals of three different ranks. 
It is of value to note that ethylpyrene showed LY of 80 % with West- 
Kentucky coal. 

Hydrogenation improved quite significantly the liquefaction 
activity of pyrene with these coals. 

Although hexylpyrene was just same t o  

The LY values with Taiheiyo 
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and West-Kentucky coals reached to 80 %. 

was summarized in Table 3 .  As the number of hydrogen atoms intro- 
duced per one pyrene molecule varried from 2.2 to 4 . 7  by using a 
varriable amount of lithium in Birch reduction. The liquefaction 
activity of hydrogenated pyrene was affected slightly, reaching the 
maximum at around three of hydrogen atoms. It is obviously observed 
that LY was always larger with Taiheiyo than Itmann. 
Structural change of solvent and coals after the liquefaction 
reaction 

the liquefaction reaction, the solvent and coal should be separated. 
Because the separation was rather difficult, it was assumed that the 
benzene soluble and insoluble fractions after the liquefaction were 
derived from the solvent and coal, respectively. This assumption 
was verified by the following fact. The amount of BS recovered in 
the liquefaction of Taiheiyo coal with pyrene was 7 3 . 3  % as shown 
in Table 4 .  This value correspond to 97.7 % of the starting amount 
of pyrene and the BS fraction at the same time showed the same NMR 
pattern to that of pyrene. 
solvent (BI/coal fed, BS/solvent fed, respectively) calculated based 
on the above assumption are summerized in Table 4 .  They were more 
than 85 % except for the significantly low value for the coal 
recovery when hydropyrene was used as the solvent. In the latter 
case, some extent of the coal may be converted into the benzene 
soluble. Nevertheless, analyses of BS and Bl fractions may inform 
the structural change of coal and solvent after the liquefaction. 

the liquefaction reaction using hydropyrene and ethylpyrene, 
respectively, together with those of the solvents before liquefac- 
tion for comparison. The BS derivedfrom hydropyrene after the 
liquefaction lost the resonance peaks at 2.5, 3.2 and 4.0 ppm, 
extensively, although peaks at 2.0 and 2.8 ppm remained uncharged 
as shown in Figure 2. In contrast, there was essentially no change 
in the NMR spectra of ethylpyrene and its BS derivative as shown in 
Figure 3 ,  indicating that the BS derivative contained unchanged 
ethylpyrene. However, the relatively low BS recovery of this case 
suggests that the conversion of this compound into BI may increase 
the BI yield in comparison with other cases as shown in Table 4 .  

Table 5 shows the ultimate analysis of benzene insoluble 
fractions after the liquefaction. H/C ratios of these fractions 
were similar when no solvent or pyrene was used, however when 
ethylpyrene and hydropyrene were used, the values were significantly 
low and high, respectively. The hydrogenation of coal by the 
hydrogen transfer from the hydrogen donating solvent is strongly 
suggested in the latter case. The low H/C value in the case of 
ethylpyrene may be explained in terms of certain extent of carbon- 
ization, as suggested by the low recovery of the solvent. 

The effect of hydrogenation extent on the liquefaction activity 

To analyse the structural change of solvents and coals after 

The recovery percentages of coal and 

Figures 2 and 3 show the NMR spectra of benzene solubles after 

Discussion 
In a previous paper(5), the authors described the liquefaction 

mechanism according to the properties of the coal and the solvent. 
The coal was classified into two categories, 

(1) fusible at the liquefaction temperature, 
(2) non-fusible at the liquefaction temperature. 
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The fusible coals can give a high liquefaction yield if the high 
fluidity during the liquefaction is maintained by the liquefaction 
solvent to prevent the carbonization. The properties of the solvent 
required for the high yield with this kind of coal are miscibility, 
viscosity, radical quenching reactivity and thermal stability not to 
be carbonized at the liquefaction temperature as reported in liter- 
atures (9) . 

In contrast, the non-fusible coal requires the solvation or 
solvolytic reaction to give the high liquefaction yield. The 
solvation of non-polar organic compounds including the pitch is 
expected low, so that the solvolytic reaction is necessary between 
the coal and the solvent. 

Itmann which is fusible at relatively high temperature was not 
liquefied below 420OC with a non-solvolytic solvent such as pyrene, 
however it was significantly liquefied at 48OOC in decacyclene of a 
stable aromatic compound. Decacyclene is reported to be fused but 
stable for 1 hr heat-treatment at 5OO0C(8). 

a principal factor any more. Taiheiyo, West-Kentucky and Itmann 
coals of three different ranks were sufficiently liquefied with 
hydropyrene under atmospheric pressure at 37OOC regardless of their 
fusibility. Lower rank coals show higher reactivity in such 
liquefaction. 

liquefaction clearly indicate the hydrogen transfer from the solvent 
to the coal substance. Transalkylation might be expected another 
kind of the solvolytic reaction. However, the present results 
suggest low probability with alkylated pyrenes as suggested by the 
NMR analysis. Instead, the increased polarity by alkyl group and 
the reactivity of the carbonization precursorfrom alkylpyrene, 
especially ethylpyrene, may be responsible for a considerable 
liquefaction yield. The recovery of the solvent becomes difficult 
by its latter conversion as observed in the present study 

The present results are well understood by the above mechanism. 

With solvolytic solvents, the fluidity of the coal may not be 

The analyses of hydropyrene and the coal before and after the 
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Table 1 Coals and their properties 

West Properties coal Itmann Kent. 14 Taiheiy; 

Proximate ash 7.3 12.8 10.1 
analysis volatile matter 19.9 53.0 45.9 

(wt%) fixed carbon 72.8 34.2 37.9 
C 90.1 79.0 77.8 

ultimate H 4.6 5.1 6.0 
analysis N 1.3 1.7 1.1 

(wt% 1 S 0.5 4.6 0.2 
O(diff) 3.5 9.6 14.9 
soften. temp. ("C) 417 387 

plasticity max.fluid.temp.(OC) 465 425 non- 

final temp. ("C) 487 445 
analysis max.fluid. (ddpm) 64 45 fusible 

Table 2 Coal liquefaction by pyrene derivatives 
(reaction temp.=370°C, solvent/coal=3/1) 

* residue(%) ,distilate(%) L.y. ** L.E. ** 
QI QS oil gas 

West Kent. 85.1 9.2 0.8 4.9 17 0 
Itmann 97.5 0.0 0.8 1.7 3 0 
Taiheiyo 85.4 0.0 2.2 12.4 16 0 
West Kent*** 19.9 69.9 6.0 4.2 24 8 

solvent n coal 

- none 

pyrene 0 Itmann 20.4 75.2 3.1 1.3 23 18 
Taiheiyo 19.3 75.0 2.5 3.2 25 11 

hydro- West Kent. 7.6 73.4 9.6 9.4 80 76 
pyrene - Itmann 9.1 79.6 5.8 5.5 69 68 
(No. 1) Taiheiyo 6.3 85.0 4.5 4.2 83 80 

West Kent. 19.3 51.3 12.8 16.5 26 11 
0.8 3 Itmann 20.9 63.1 8.5 7.5 17 15 

West Kent. 14.4 66.3 3.5 16.1 49 38 
0.85 Itmann 14.9 66.3 7.2 11.6 43 42 

15.7 65.7 6.7 11.9 42 30 Taiheiyo 
West Kent. 7.6 79.3 12.4 0.7 80 76 

0.33 Itmann 11.4 77.8 5.5 5.7 59 58 
Taiheiyo 13.4 76.8 2.9 6.9 52 42 

Taiheiyo 19.7 56.2 11.8 12.8 25 9 pyrene 

pyrene 

* number of alkyl groups introduced/one pyrene molecule 
** L.Y.=Liquefaction Yield(%); L.E.=Liquefying Efficiency(%) 

*** reaction temp.=390°C 
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Table 3 
Effect of hydrogenation extent on the liguefaction activity 

(reaction temp.370~~, solvent/coal=3/1 

Itmann Taiheiyo 
solvent n* L.Y.L.E.L.Y.L.E. 

( % )  ( % )  ( % I  ( % )  
No.1 2.2 69 68 83 80 

hydro- No.2 2.8 78 78 90 88 
pyrene No.3 4.3 72 71 85 82 

No.4 4.7 72 71 83 79 
L.Y.=Liquefaction Yield 
L.E.=Liquefaying Efficiency 
* n = number of hydrogen atoms 

introduced one pyrene molecule 

Table 4 Benzene extraction of solvolysis pitches 
(coal=Taiheiyo, reaction temp. 37OoC, solvent/coal=3/1) 

residue distilate recovery 
solvent BI BS oil qas coal solvent 

( % )  (%)  ( % I  ( % )  ( % )  ( % )  
none 86.4 10.0 0.5 3.2 86.4 - 
hydro- 
pvrene 18.4 70.6 3.6 7.4 74.6 94.1 - -  
(NO.~) 

23.9 64.0 7.9 4.2 96.0 85.3 pyrene 
pyrene 22.4 73.3 0.9 3.4 89.6 97.7 

BI * recovery coal ( % I  =coal 
BS in residue solvent= solvent fed - 

Table 5 Ultimate analysis of benzene 
insoluble part of solvolysis pitch 

(Coal=Taiheiyo, reaction temp. 37OoC, solvent/coal=3/1) 

solvent C ( % )  H ( % )  Eya) others(%) H/C 
none 75.05 5.29 1.40 18.26 0.840 
pyrene 76.25 5.43 1.53 16.75 0.849 

82.24 4.93 1.80 11-03 0.714 

hydro- 72.47 5.48 1.38 20.67 0.901 
pyrene 

pyrene 
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Fig. 2 NMR spectra of hydropyrene (a) and its BS 

derivative after the liquefaction (b). 
liquefaction conditions: see Table 4 
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Fig. 3 NMR spectra of ethylpyrene (a) and its BS 
derivative after the liquefaction (b) . 
liquefaction conditions: see Table 4 

‘ I  

106 



CHANGES I N  THE CHEMICAL COMPOSITION OF THE O I L  FORMED WITH 

VARIATIONS I N  HYOROGENATION CONDITIONS 

John R .  Kershaw and Gordon B a r r a s s  

Fue l  Research I n s t i t u t e  o f  Sou th  Africa, P.O. Box 217, P r e t o r i a ,  
South A f r i c a  

INTRODUCTION 

There has  been a number o f  s t u d i e s  o f  t h e  chemical  n a t u r e  of c o a l  hydrogenat ion 
l i q u i d s .  However, the  g r e a t  m a j o r i t y  o f  t h e  c o a l  hydrogenat ion l i q u i d s  s t u d i e d  
were produced us ing  a l i q u i d  v e h i c l e .  The absence  of a l i q u i d  v e h i c l e  may have 
an e f f e c t  on t h e  chemical  r e a c t i o n s  t a k i n g  p l a c e  and, t h e r e f o r e ,  on t h e  chemica l  
composi t ion of t h e  p roduc t  o b t a i n e d .  

In  t h e  work r e p o r t e d  h e r e  hydrogenat ion of c o a l  was c a r r i e d  o u t  i n  t h e  absence  
of any v e h i c l e  o i l  i n  a semi-cont inuous r e a c t o r  which al lowed t h e . v o l a t i l e  p r o -  
d u c t  t o  be swept f rom t h e  r e a c t o r  by a con t inuous  s t r eam of hydrogen. We here 
r e p o r t  o u r  work on t h e  changes found i n  t h e  chemical  composi t ion o f  t h e  o i l  
(hexane s o l u b l e  po r t ion1  w i t h  changes i n  hydrogenat ion r e a c t i o n  c o n d i t i o n s .  
The hydrogenat ion c o n d i t i o n s  i n v e s t i g a t e d  were t h e  c a t a l y s t  ( s t annous  c h l o r i d e )  
c o n c e n t r a t i o n  and t h e  r e a c t i o n  t empera tu re .  

EXPERIMENTAL 

Mate r i a  Is 

The c o a l  ( 0 . 5 0  t o  0 . 2 5  mm f r a c t i o n )  used was from t h e  New Wakefield C o l l i e r y ,  
T ransvaa l .  Ana lys i s ,  a i r  d r i e d  b a s i s :  Moisture  4 .9;  Ash 14.9; V o l a t i l e  M a t t e r  
32.8%; d r y  a s h - f r e e  b a s i s :  C ,  79.2; H ,  5 .4 ;  N .  2 . 1 1  S ,  2.3%. 

The c a t a l y s t  was a n a l y t i c a l  g r a d e  s t annous  c h l o r i d e .  Stannous c h l o r i d e  was 
d i s s o l v e d  i n  wa te r  and added t o  t h e  c o a l  a s  an aequous s o l u t i o n .  The r e s u l t a n t  
s l u r r y  was mixed by s t i r r i n g  and t h e n  d r i e d .  

Hydrogenation 

Hydrogenation was c a r r i e d  o u t  i n  a r e a c t o r  s i m i l a r  t o  t h e  "hot-rod" r e a c t o r  
(1.21 des igned  by Hi t e shue  e t  a l .  
t h e  time a t  t empera tu re  was 1 5  minutes .  Hydrogen, a t  a f l o w  r a t e  of 22 ,%/minute, 
was con t inuous ly  pas sed  th rough  a f i x e d  bed of c o a l  ( 2 5  g l  impregnated w i t h  ca -  
t a l y s t .  The v o l a t i l e  p roduc t s  were condensed i n  a h igh -p res su re  c o l d  t r a p .  
The o t h e r  c o n d i t i o n s  a r e  g iven  i n  t h e  R e s u l t s  and Di scuss ion  s e c t i o n .  

The p roduc t  was removed f rom t h e  coo led  r e a c t o r  and from t h e  condenser  w i th  t h e  
a i d  o f  t o luene .  The s o l i d  r e s i d u e  was e x t r a c t e d  w i t h  b o i l i n g  t o l u e n e  (250 m l )  
i n  a s o x h l e t  e x t r a c t o r  f o r  12  hours. The t o l u e n e  s o l u t i o n s  were combined and 
t h e  t o l u e n e  removed under  reduced p r e s s u r e .  Hexane (250 m l l  was added t o  t h e  
e x t r a c t  and i t  was al lowed t o  s t a n d  f o r  24  hour s  w i t h  o c c a s i o n a l  shak ing .  The 
s o l u t i o n  was f i l t e r e d  t o  l e a v e  a r e s i d u e  ( a s p h a l t e n e l  and t h e  hexane was re- 
moved from t h e  f i l t r a t e  under  reduced p r e s s u r e  t o  g i v e  t h e  o i l .  

F r a c t i o n a t i o n  o f  t h e  o i l s  

The o i l s  were f r a c t i o n a t e d  by a d s o r p t i o n  chromatography on s i l i c a  g e l .  The 
column was e l u t e d  s u c c e s s i v e l y  w i t h  40 - 6OoC petroleum e t h e r  [ I 2  f r a c t i o n s ) ,  

The h e a t i n g  r a t e  was E 10O0C/minute, and 
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40 - 60 pet ro leum e t h e r  / to luene  ( i n c r e a s i n g  p r o p o r t i o n s  o f  toluene, 5 f r a c -  
t i o n s ) ,  to luene,  c h l o r o f o r m  and methanol. 

Ana lys i s  

1.r. and U.V. spec t ra  were measured f o r  each f r a c t i o n  f rom t h e  columns. 1.r. 
spec t ra  were measured as smears on sodium c h l o r i d e  p l a t e s  u s i n g  a Perk in-Elmer 
567 g r a t i n g  spectrophotometer, w h i l e  U.V. spec t ra  were measured as a s o l u t i o n  
i n  hexane (spec t roscop ic  grade)  us ing  a Unicam SP 1700 inst rument .  Fluorescence 
spec t ra  were recorded as descr ibed elsewhere (3). 

'H n.rn.r. spec t ra  were recorded f o r  t h e  o i l s  i n  deu te roch lo ro fo rm a t  90 MHz w i t h  
te t ramethys i l ane  as an i n t e r n a l  s tandard using,? Var ian EM 390 i ns t rumen t .  Broad- 
band proton-decoupled p u l s e  F o u r i e r  t rans fo rm C n.m.r. were recorded i n  deutero-  
ch lo ro fo rm a t  20 MHz u s i n g  a Var ian CFT-20 spect rometer .  

Molecular  weights  were determined by vapour p ressu re  osmometry i n  benzene so lu -  
t i o n  us ing  a Knauer apparatus. 5 concen t ra t i ons  over t h e  range 1 - 5 g/k were 
employed and t h e  mo lecu la r  weight  was obta ined by  e x t r a p o l a t i o n  t o  i n f i n i t e  
d i l u t i o n .  

The v i s c o s i t i e s  o f  t h e  o i l s  were measured u s i n g  a Haake Rotov isco RV3 v i sco -  
meter w i t h  a cone and p l a t e  sensor a t  20°C. 

RESULTS AN0 DISCUSSION 

From t h e i r  i .r. and U.V.  spect ra,  t h e  f r a c t i o n s  f r o m  column chromatography were 
grouped as s a t u r a t e  hydrocarbons, aromat ic  hydrocarbons and p o l a r  compounds. 
The l a s t  f ou r  f r a c t i o n s  f rom t h e  chromatographic separa t i on  were des ignated as 
p o l a r  compounds. A l l  these f r a c t i o n s  showed s t rong  h y d r o x y l  abso rp t i on  i n  t h e i r  
i.r. spec t ra  and these  f r a c t i o n s  conta ined a c i d i c ,  b a s i c  and n e u t r a l  compounds. 

The e f f e c t  o f  c a t a l y s t  concen t ra t i on  

Four samples impregnated w i t h  1, 5, 10 and 15% t i n  as  stannous c h l o r i d e  were 
hydrogenated a t  45OoC and 25 MPa t o  i n v e s t i g a t e  the  e f f e c t  t h a t  i n c r e a s i n g  cata-  
l y s t  concen t ra t i on  has on the  composi t ion o f  t he  o i l  [hexane s o l u b l e  p o r t i o n )  
formed . 
Adsorpt ion chromatography o f  t h e  o i l s  gave t h e  percentage o f  s a t u r a t e  hydrocar- 
bons, a romat i c  hydrocarbons and p o l a r  compounds i n  t h e  o i l .  The percentage o f  
p o l a r  compounds i n  the  o i l  decreased as t h e  c a t a l y s t  concen t ra t i on  increased 
(see F igu re  1 )  w i t h  ma in l y  an i nc rease  i n  t h e  percentage o f  aromat ic  hydro- 
carbons. The percentage o f  ac ids  and bases i n  t h e  o i l  were obta ined by ex- 
t r a c t i o n  w i t h  NaOH and HC1, r e s p e c t i v e l y .  There was a decrease i n  t h e  percen- 
tage o f  ac ids  and bases i n  t h e  o i l  as the  c a t a l y s t  c o n c e n t r a t i o n  increased ( s e e  
F igu re  1). 

The i.r. spec t ra  o f  t h e  f i r s t  f r a c t i o n s  showed t h a t  t hey  are  a l i p h a t i  and con- 
t a i n  no double bonds. 
abso rp t i on  due t o  methylene groups was much strongerlthan t h a t  due t o  methy l  
groups. Weak abso rp t i on  i n  t h e  r e g i o n  720 - 735 cm was n o t i c e d  i n  a l l  t he  
a l i p h a t i c  f r a c t i o n s  and i s  a t t r i b u t a b l e  t o  chains hav ing f o u r  o r  more methylene 
groups ( 4 ) .  G.1.c. a n a l y s i s  o f  t h e  s a t u r a t e  hydrocarbon f r a c t i o n s  showed t h a t  
t h e  composi t ion was s i m i l a r  t o  t h a t  repo r ted  f o r  hydrogenat ion o f  a d i f f e r e n t  
South A f r i c a n  c o a l  ( 5 ) .  There were no n o t i c e a b l e  changes w i t h  d i f f e r e n t  cata-  
l y s t  concen t ra t i ons .  

I n  t h e  C-H s t r e t c h i n g  r e g i o n  ( 4 )  (% 3 000 cm $1 the  1 1  

108 



The U.V. spec t ra  o f  t he  f i r s t  aromat ic  f r a c t i o n s  o f  a l l  t h e  o i l s  s t u d i e d  showed 
t h e  presence o f  t he  naph tha len i c  s t r u c t u r e .  S t rong  abso rp t i on  was seen a t  E 
224. 226.  and 275  nm and weak abso rp t i on  a t  309, 318 and 323 nm. The shape and 
r a t i o  of t h e  absorbances were s i m i l a r  t o  those of a number o f  model naphtha- 
l enes  recorded under i d e n t i c a l  cond i t i ons ,  and t o  t h e  r e p o r t e d  spectrum o f  
naphthalene (6). 
these f r a c t i o n s .  T h e i r  i.r. spect ra i n  the  3 000 cm r e g i o n  had s t r o n g  a l i p h a -  
t i c  C-H abso rp t i on  i n  r e l a t i o n  t o  the  aromat ic  C-H absorpt ion.  
c r i b e d  t o  apprec iab le hydroaromat ic  and/or a l k y l a r o m a t i c  s t r u c t u r e .  

The l a t e r  aromat ic  f r a c t i o n s  f r o m  the  columns were analysed by U . V .  and f l u o r e s -  
cence spectroscopy. Though U.V .  spectroscopy a lone  was o n l y  o f  l i m i t e d  va lue  
i n  t h e  c h a r a c t e r i z a t i o n  o f  these f r a c t i o n s ,  because o f  t h e  incomplete separa t i on ,  
peaks and even i n f l e c t i o n s  i n  t h e  spec t ra  were u s e f u l  as guides f o r  s e t t i n g  t h e  
f l uo rescence  e x c i t a t i o n  wavelength. F u l l  d e t a i l s  o f  t he  method used, and o f  
t h e  f luorescence emission and e x c i t a t i o n  spec t ra  o f  t h e  po lya romat i c  r i n g  sys- 
tems i d e n t i f i e d  have been r e p o r t e d  elsewhere ( 3 ) .  
tems were i d e n t i f i e d  by t h e  s i m i l a r i t y  o f  t h e i r  f l uo rescence  e x c i t a t i o n  and 
f l uo rescence  emission spec t ra  t o  those o f  s tandard hydrocarbons. These were 
anthracene. 9 .10-d ia lky lanthracene [model compound, 9.10-dimethylanthracene). 
pyrene, I - a l k y l p y r e n e  (model compound I -me thy lpy rene) ,  benzo(2)pyrene. dibenzo 
( d e f  .mnolchrysene (anthanthrenel  , pery lene,  benzo(.&)perylene, dibenzo (b.def) 
chrysene (3.4,8,9-dibenzopyrene) and coronene. A l l  t h e  po lya romat i c  r i n g  sys- 
tems were i d e n t i f i e d  i n  a l l  t he  o i l s  analysed. 

The i.r. spec t ra  o f  the l a s t  f o u r  f r a c t i o n s  o f  every sample s t u d i e d  showed 
s t r o n g  OH abqorpt ion.  
and 3420 cm , whereas those o f  t he  subsequent f r a c t i o n s  were broader  and a t  
l ower  frequency, presumably due t o  i n c r e a s i n g  hydrogen bonding ( 4 ) .  The aro-  
m a t i c  abso rp t i on  was much weaker than  t h e  a l i p h a t i c  C-H absorpt ion,  i n  the  
3000 cm region.  A l l  t h e  p o l a r  f r a c t i o n s  have s t r o n g  abso rp t i on  i n  t h e i r  U.V. 

spec t ra .  
these f r a c t i o n s .  

'H n .m. r .  spec t ra  were recorded f o r  t h e  o i l s  produced a t  t h e  v a r i o u s  c a t a l y s t  
concen t ra t i ons  (1. 5, 10 and 15% Sn as SnCln). The percentage o f  hydrogens i n  
aromat ic ,  b e n z y l i c  and a l i p h a t i c  environments showed no change w i t h  c a t a l y s t  
concen t ra t i on .  

I 3 C  n.m.r. spec t ra  were a l s o  recorded f o r  t h e  o i l s  produced. 
d i f f e r e n c e s  cou ld  be found between the  spec t ra  o f  t h e  f o u r  o i l s .  I n  t h e  a ro -  
m a t i c  reg ion,  us ing  t h e  assignments o f  E a r t l e  e t  a l .  (71, i t  was n o t i c e a b l e  
t h a t  t h e  a romat i c  C-H (118 t o  129 ppm f rom TMS) s i g n a l s  were much s t ronger  
t h a n  those due t o  aromat ic  C-C (129 t o  148 ppm f rom T IS) .  P a r t  of t h e  aroma- 
t i c  C-H band was s h i f t e d  t o  h i g h e r  f i e l d  (108 - 118 ppml and may be a t t r i b u t e d  
t o  a romat i c  C-H o r t h o  t o  e t h e r  C - 0  ( 7 ) .  The a l i p h a t i c  carbon bands extend f rom 
12 t o  50 ppm. Superimposed on t h e  a l i p h a t i c  carbon bands are sharp l i n e s  a t  
14, 23, 32, 29 and 29.5 ppm. These l i n e s  have been asc r ibed  by Pugmire e t  a l .  
( 8 )  t o  t h e  a, B ,  y, 6 and €-carbons o f  l ong  a l i p h a t i c  chains.  The i n t e n s i t y  
of t h e  E-carbon band i s  approx imate ly  f o u r  t imes  t h e  i n t e n s i t y  o f  t h e  a o r  
carbon i n d i c a t i n g  reasonably  l o n g  a l i p h a t i c  chains.  

I t  was obvious on v i s u a l  examination o f  t h e  o i l s  t h a t  t h e  g r e a t e r  t h e  c a t a l y s t  
c o n c e n t r a t i o n  used, t he  l e s s  v iscous was the  o i l  produced. The decrease i n  v i s -  
c o s i t y  w i t h  c a t a l y s t  concen t ra t i on  i s  shown i n  F i g u r e  2 .  

The c h a r a c t e r i s t i c  naph tha len i c  o d y  was a l s o  n o t i c e d  i n  

Th is  may be as- 

Ten po lya romat i c  r i n g  sys-  

The f i r s t  o f  these f r a c t i o n s  had sharp bands a t  E 3530 

Considerable abso rp t i on  above 350 nm showed t h e  aromat ic  na tu re  o f  

I 
No d i s c e r n i b l e  

1 
B 

I 
I 
I 
I 
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It has been r e p o r t e d  t h a t  t h e  molecular  weight  of c o a l  l i q u i d s  a f f e c t s  t h e  v i s -  
c o s i t y  !9,101. However, t h e  d e c r e a s e  i n  mo lecu la r  weight  t h a t  occu r red  w i t h  
i n c r e a s i n g  c a t a l y s t  c o n c e n t r a t i o n  was r e l a t i v e l y  smal l .  (The molecular  weights  
of t h e  o i l s  were 247, 241. 237 and 231 f o r  1, 5,  10 and 15% c a t a l y s t ,  r e s p e c t i v e -  
l y ] .  We f e e l  t h a t  t h i s  r e l a t i v e l y  sma l l  change i n  mo lecu la r  weight  would not 
cause  such a n o t i c e a b l e  change i n  v i s c o s i t y  u n l e s s  changes i n  t h e  chemical  na- 
ture  of t h e  o i l  a l s o  c o n t r i b u t e d  t o  t h e  v i s c o s i t y  r e d u c t i o n .  

S t e rnbe rg  e t  e l .  (91 showed t h a t  t h e  p re sence  of a s p h a l t e n e s  i n  coa l -de r ived  
o i l s  caused a marked i n c r e a s e  i n  t h e  v i s c o s i t y .  T h i s  group a l s o  showed t h a t  
t h e s e  a s p h a l t e n e s  were a c i d - b a s e  complexes and t h a t  hydrogen bonding occur s  
between t h e  a c i d i c  and b a s i c  components o f  a s p h a l t e n e s  (11.121. Recent  work 
(10,131 on c o a l  l i q u e f a c t i o n  bottoms has shown t h e  importance of hydrogen bon- 
d i n g  on t h e  v i s c o s i t y  o f  c o a l  l i q u i d s .  

T h e  r educ t ion  of p o l a r  compounds i n  t h e  o i l  w i t h  i n c r e a s i n g  c a t a l y s t  concen t r a -  
t i o n  could r aduce  hydrogen bonding and, t h e r e f o r e ,  t h e  v i s c o s i t y  of t h e  o i l .  
To f u r t h e r  l o o k  a t  t h i s  p o s s i b i l i t y ,  i . r .  s p e c t r a  were r eco rded  a t  t h e  same 
c o n c e n t r a t i o n  i n  CC14 f o r  each of t h e  o i l s  (see F i g y r e  31. The i . r .  s p e c t r a  
s h o  ed s h a r p  peaks a t  3610 cm (2nd free O H ? )  and 3480 
cm 
OH. T h i s  band d e c r e a s e s  w i t h  i n c r e a s i n g  c a t a l y s t  c o n c e n t r a t i o n  ( s e e  Figure  31 
i n d i c a t i n g  t h a t  hydrogen bonding i n  t h e  o i l  d e c r e a s e s  w i t h  incr a s i n g  c a t a l y s t  
c o n c e n t r a t i o n  used t o  produce t h e  o i l .  The band a t  3380 cm was shown t o  
be due t o  i n t e r m o l e c u l a r  hydrogen (4, 141 bonding by r e c o r d i n g  t h e  spa$trum o f  
a more d i l u t e  s o l u t i o n  ( u s i n g  a longe r  path l e n g t h  c e l l ] ,  t h e  3380 cm 
diminished w i t h  an i n c r e a s e  i n  t h e  3610 cm peak. 

It would appea r  t h a t  i n c r e a s i n g  t h e  amount o f  s t annous  c h l o r i d e  c a t a l y s t ,  under 
o u r  expe r imen ta l  c o n d i t i o n s ,  a s  we l l  a s  i n c r e a s i n g  t h e  amount of o i l  formed de-  
c reases  t h e  amount of p o l a r  compounds i n  t h e  o i l  which d e c r e a s e s  t h e  hydrogen 
bonding and t h e r e f o r e  h e l p s  t o  dec rease  t h e  v i s c o s i t y  of t h e  o i l .  N . m . r .  spec-  
t ro scopy  and ev idence  from t h e  chromatographic  f r a c t i o n s  i n d i c a t e s  t h a t  t h e r e  
i s  l i t t l e  change i n  t h e  n a t u r e  o f  t h e  hydrocarbon f r a c t i o n s .  

[ f r e e  OHlL13550 cm 
( N - H I  and a broad peak a t  E 3380 cm which i s  a s s igned  t o  hydrogen bonded 

7 

band 

The e f f e c t  of t e m p e r a t u r e  

For t h i s  s t u d y ,  the p r e s s u r e  was 25 MPa and t i n  (1% of  t h e  coa l1  a s  s tannous 
c h l o r i d e  was used as t h e  c a t a l y s t .  Some a d d i t i o n a l  r u n s  were a l s o  c a r r i e d  o u t  
a t  15 MPa p r e s s u r e .  

'H n .m. r .  s p e c t r a  o f  t h e  o i l s  were r eco rded  f o r  t h e  r ange  of t empera tu res  and 
t h e  p ro tons  were a s s i g n e d  a s  a romat i c ,  p h e n o l i c  O H ,  b e n z y l i c  and a l i p h a t i c .  
There was an i n c r e a s e  i n  t h e  pe rcen tage  o f  a r o m a t i c  p ro tons  and a d e c r e a s e  i n  
t h e  percentage of a l i p h a t i c  p ro tons  a s  t h e  t empera tu re  i n c r e a s e s ,  wh i l e  t h e  
percentage o f  b e n z y l i c  p ro tons  remained c o n s t a n t  (see Figure  41. I t ,  t h e r e -  
f o r e .  appea r s  t h a t  as t h e  hydrogenat ion t empera tu re  i n c r e a s e s  s i d e  groups are 
l o s t  and t h a t  t h e  C-C bond d i r e c t l y  a t t a c h e d  t o  t h e  a romat i c  r i n g  i s  more s t a b l e  
t h a n  those  f u r t h e r  f rom t h e  r i n g .  
w i t h  t empera tu re  (see F i g u r e  5) a s  would be expected i f  s i d e  cha ins  a r e  being 
removed. 

I3C n.m.r .  s p e c t r a  were reco rded  f o r  t h e  o i l s  produced a t  400'. 450°, 550' and 
60O0C. 
i n t e n s e  compared to  t h e  a l i p h a t i c  carbon bands (see Figure  61. Q u a n t i t a t i v e  
e s t i m a t i o n  of t h e  peak a r e a s  was no t  a t t empted  due t o  t h e  e f f e c t  of v a r i a t i o n s  
i n  s p i n - l a t t i c e  r e l a x a t i o n  times and n u c l e a r  Overhauser  enhancement w i t h  d i f f e -  
r e n t  carbon atoms. Superimposed on t h e  a l i p h a t i c  carbon bands were sha rp  l i n e s  

The t empera tu re  range s t u d i e d  was from 4OO0C t o  65OoC. 

T h e  molecu la r  weight  o f  t h e  o i l  dec reases  

As t h e  t e m p e r a t u r e  i n c r e a s e d  t h e  a romat i c  carbon bands became much more 
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a t  14,  23, 32, 29 and 29.5 ppm, which are due t o  t h e  a, B. y, 6 and E-carbons 
of long a l i p h a t i c  c h a i n s  ( 8 ) .  A s  t h e  t empera tu re  i n c r e a s e s ,  t h e s e  l i n e s  be- 
come s m a l l e r  compared t o  t h e  o t h e r  a l i p h a t i c  bands and t h i s  i s  e s p e c i a l l y  
n o t i c e a b l e  i n  t h e  spectrum of t h e  6OO0C o i l .  
t imes  t h e  i n t e n s i t y  of t h e  a and l i n e s  a t  4OO0C and 45OoC. a t  550°C approxi-  
mately t h r e e  t imes and a t  6OO0C only about twice t h e  i n t e n s i t y .  It would seem 
t h a t  as  t h e  t empera tu re  i n c r e a s e s ,  t h e  long a l i p h a t i c  c h a i n s  a r e  reduced i n  
both number and length .  (G.1.c. a n a l y s i s  of t h e  s a t u r a t e  f r a c t i o n s  from column 
chromatographic  s e p a r a t i o n  showed t h a t  a s  t h e  hydrogenat ion t empera tu re  i n c r e a s e s  
t h e r e  was a dec rease  i n  t h e  pe rcen tage  of t h e  h i g h e r  a l k a n e s  and an i n c r e a s e  i n  
t h e  pe rcen tage  of t h e i r  s h o r t e r  chained analogues i n  t h e  s a t u r a t e  hydrocarbon 
f r a c t i o n s ) .  
o i l  t o  t h e  s p e c t r a  of t h e  4OO0C and 450% o i l s  t h a t  t h e  i n t e n s i t y  of bands due 
t o  CH3 a t o  a romat i c  r i n g s  (19 - 23 pprn from TMS (71)  had i n c r e a s e d  i n  i n t e n -  
s i t y  compared t o  t h e  o t h e r  a l i p h a t i c  bands. 
r e s u l t s  which showed no change i n  the pe rcen tage  of b e n z y l i c  p ro tons  wh i l e  t h e  
pe rcen tage  of a l i p h a t i c  p ro tons  dec reased .  

E l u t i o n  chromatography gave t h e  pe rcen tage  of a l i p h a t i c  hydrocarbons,  a romat i c  
hydrocarbons and p o l a r  compounds i n  t h e  o i l .  There was a r e d u c t i o n  i n  t h e  per -  
c e n t a g e  of p o l a r  compounds i n  t h e  o i l  (see Figure  7 1  w i t h  subsequent  i n c r e a s e  
i n  t h e  a romat i c  pe rcen tage .  

U . V .  and f l u o r e s c e n c e  spec t roscopy  of t h e  a romat i c  f r a c t i o n s  showed t h e  p r e -  
s ence  of t h e  same a romat i c  s t r u c t u r e s  a s  found i n  t h e  o i l s  from t h e  c a t a l y s t  
experiments .  The i . r .  s p e c t r a  i n  t h e  3000 c m  r e g i o n  of t h e  a romat i c  f r a c -  
t i o n s  v a r i e d  w i t h  t empera tu re .  A t  low t empera tu re  t h e  a l i p h a t i c  C-H abso rp t ion  
was much s t r o n g e r  than  t h e  a romat i c  C-H a b s o r p t i o n  whereas a t  high t empera tu re  
t h i s  d i f f e r e n c e  was not  so  pronounced, which may be a s c r i b e d  t o  a d e c r e a s e  i n  
a l k y l  s u b s t i t u t i o n  a s  was shown by n . m . r .  spec t roscopy .  

The v i s c o s i t y  of t h e  o i l  d e c r e a s e s  cons ide rab ly  w i t h  t empera tu re  as shown i n  
F igu re  8. 
and 9 mPa.s a t  65OoC. 
d e c r e a s e  i n  molecular  weight w i t h  i n c r e a s i n g  t empera tu re  and a l s o  a d e c r e a s e  
i n  t h e  pe rcen tage  of p o l a r  compounds i n  t h e  o i l .  

The  e f f e c t  of i n c r e a s i n g  t h e  hydrogenat ion t empera tu re ,  under  t h e  c o n d i t i o n s  
used here ,  i s  t o  g i v e  a more a romat i c  product  o f  lower molecu la r  weight  con- 
t a i n i n g  fewer long a l i p h a t i c  cha ins .  The  v i s c o s i t y  of t h e  o i l  and t h e  pe r -  
cen tage  of p o l a r  compounds i n  t h e  o i l  a l s o  d e c r e a s e  w i t h  i n c r e a s i n g  tempera-  
t u r e .  

The E l i n e  was approximately f o u r  

It was a l s o  n o t i c e a b l e  when comparing t h e  spectrum of t h e  600°C 

T h i s  a g r e e s  w i t h  t h e  'H n .m. r .  

The v i s c o s i t y  a t  t h e  lower pressure 1 5  MPa was 90 mPa.s a t  4OO0C 
T h e  d e c r e a s e  i n  v i s c o s i t y  i s  expected as t h e r e  was a 
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THERMAL TREATMENT O F  COAL-RELATED AROMATIC ETHERS I N  TETRALIN SOLUTION 

Y .  Kamiya, T. Yao and S. Oikawa 

F a c u l t y  of Engineer ing ,  U n i v e r s i t y  of  Tokyo 
Hongo, Tokyo 113,  Japan  

INTRODUCTION 

The i m p o r t a n t  e l emen ta ry  r e a c t i o n s  of c o a l  l i q u e f a c t i o n  are t h e  
decomposi t ion  of  c o a l  s t r u c t u r e ,  t h e  s t a b i l i z a t i o n  of  f r agmen t s  by 
t h e  s o l v e n t  and t h e  d i s s o l u t i o n  of c o a l  u n i t s  i n t o  t h e  s o l u t i o n .  

dona t ing  a r o m a t i c  s o l v e n t  ( 1 - 4 )  a t  t empera tu res  from 400'C t o  45OoC, 
r e s u l t i n g  i n  t h e  f o r m a t i o n  of so c a l l e d  s o l v e n t  r e f i n e d  c o a l  w i t h  carbon 
c o n t e n t  of 86-88% on maf b a s i s  independent  o f  c o a l i f i c a t i o n  g rade  of  
f e e d  c o a l .  

These r e a c t i o n s  proceed  smoothly i n  t h e  p re sence  o f  hydrogen 

\ 
W h i l e ,  oxygen c o n t a i n i n g  s t r u c t u r e s  o f  c o a l  must be  p l a y i n g  

impor t an t  p a r t s  i n  t h e  c o u r s e  o f  coal l i q u e f a c t i o n .  I t  w i l l  be  key 
p o i n t s  t h a t  what k i n d s  of  oxygen c o n t a i n i n g  s t r u c t u r e  a r e  decomposed and 
what k inds  of s t r u c t u r e  are formed i n  t h e  c o u r s e  o f  r e a c t i o n .  I t  has  
been proposed ( 5 , 6 )  and r e c e n t l y  s t r e s s e d  (7-11) t h a t  t h e  u n i t s  o f  c o a l  
s t r u c t u r e  are  l i n k e d  by e t h e r  l i n k a g e .  

We have s t u d i e d  t h e  the rma l  decomposi t ion  of d i a r y 1  e t h e r  i n  d e t a i l ,  
s i n c e  t h e  c l e a v a g e  o f  e t h e r  l i n k a g e  must be  one of  t h e  most r e s p o n s i b l e  
reac t ions  f o r  c o a l  l i q u e f a c t i o n  among t h e  v a r i o u s t y p e s  of decomposi t ion  
r e a c t i o n  and w e  found t h a t  t h e  C-0 bond of po lynuc leus  aromatic e t h e r s  
i s  c l eaved  c o n s i d e r a b l y  a t  c o a l  l i q u e f a c t i o n  t empera tu re .  

EXPERIMENTAL 

T e t r a l i n  and 1-methylnaphtha lene  w e r e  r e a g e n t  g rade  and w e r e  used 
~ a f t e r  washing w i t h  s u l f u r i c  a c i d ,  a l k a l i ,  and  wa te r  and t h e  subsequent  

d P s t i l l a t i o n  a t  7OoC under  reduced p r e s s u r e .  Var ious  a d d i t i v e s  and 
model compounds were  r e a g e n t  g r a d e ,  and some of them were used  a f t e r  
r e c r y s t a l l i z a t i o n .  Phenyl  naph thy l  e t h e r  and phenyl  9-phenanthry l  e t h e r  
were syn thes i zed  by r e f l u x i n g  a m i x t u r e  of  a r y l  bromide, pheno l ,  Cu20 
a'nd Y-col l id ine  ( 1 2 ) .  

Samples were added t o  300 m l  o r  90 m l  magnet ic  s t i r r i n g  (500 rpm) 
a u t o c l a v e s .  A f t e r  p r e s s u r i z i n g  w i t h  hydrogen, t h e  a u t o c l a v e  w a s  hea t ed  
t o  t h e  r e a c t i o n  t e m p e r a t u r e  w i t h i n  45 min. and ma in ta ined  a t  t h e  temper- 
a t u r e  for  t h e  d e s i r e d  r e a c t i o n  t i m e .  

A t  t h e  comple t ion  o f  a r u n ,  t h e  a u t o c l a v e  was coo led  by e lec t r ic  
f a n  t o  room t e m p e r a t u r e  and t h e  a u t o c l a v e  g a s e s  were ven ted  through 
g a s  meter and a n a l y z e d  by gas  chromatography. L iqu id  p o r t i o n s  of t h e  
samples were s u b j e c t e d  t o  g a s  chromatographic  a n a l y s i s  t o  de t e rmine  t h e  
composi t ion  of p r o d u c t s .  
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RESULTS AND DISCUSSION 

Thermal treatment of various aromatic compounds 
In order to study the reaction of coal structure, various aromatic 

compounds were chosen-as the coal model and treated at 45OOC. 
conversion of the reaction along with the detected products were shown 
in Table 1. 

Recently, the thermal decomposition of diaryl alkanes such as 
dibenzyl and 1,3-diphenylpropane has been studied by Sat0 and coworkers 
(13), Collins and coworkers (14). These compounds were confirmed to be 
decomposed to alkylbenzenes gradualy as a function of carbon chain length. 

The 

Although diphenyl ether and dibenzofuran were very stable at 45OoC, 
2,2'-dinaphthyl ether was decomposed slowly and benzyl ethers completely. 

The apparent activation energy for the thermal decomposition of 
phenyl benzyl ether was calculated to be about 50 kcal/mole from the 
data obtained at 320-350OC. 

These results imply that highly aromatic ether linkages will be 
considerably broken at coal liquefaction temperatures resulting in a 
main source of phenolid groups of the dissolved coal. 

Phenolic compounds were confirmed to be very stable against thermal 
treatment. Diphenyl methanol and benzophenone were stable against 
decomposition but hydrogenated to form diphenylmethane quantitatively. 
Phenyl benzyl ketone was found to be partially hydrogenated or de- 
carbonylated to form diphenyl alkanes. 

and dihydroxynaphthalene as reported by Brower (15). 

the parent hydrocarbons. According to Brower, carboxylic acid is quite 
stable in glass apparatus, but decomposed completely in a stainless 
steel autoclave. 

Naphthoquinone was completely eliminated and hydrogenated to naphthol 

Carboxylic acid and carboxylate were completely decarboxylated to 

The thermal decomposition of aromatic ethers 

containing polynucleus ar0mati.c structure of coal at liquefaction tem- 
According to the results of Table 1, the bond scission of oxygen 

perature of 45OOC seems to occur mainly at methylene or ether structures. 
Therefore, it will be very important to study the characteristics of 
these structures in the thermolysis. 

It has been often proposed that the units of coal structure are 
linked by ether linkages. Recently, Ruberto and his coworkers ( 7 , 8 ) ,  
Ignasiak and Gawlak (9) concluded that a significant portion of the 
oxygen in coal occurs in ether functional groups. 

Thermal decomposition of seven diaryl ethers at various reaction 

The decompositions of phenyl benzyl ether and dibenzyl ether 
conditions and the composition of reaction products are shown in Table 2. 

proceeded very rapidly at 4OO0C, and these results corresponded well to 
the low bond dissociation energy of PhCH2-0. 

but partly isomerized to benzyl phenol. 

The formation of products can be explained by the following reaction 
scheme. PhCH20CH2Ph --+ PhCH2O- + sCH2Ph - PhCHO + PhCH) 

Phenyl benzyl ether was mostly converted to toluene and phenol, 

Dibenzyl ether was entirely converted to toluene and benzaldehyde. 

PhCHO j PhH + CO PhCHO + 2H2 -+ PhCH3 
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The h i g h  y i e l d  o f  t o l u e n e  ove r  1 0 0 %  was conf i rmed t o  be  due t o  t h e  
hydrogena t ion  of  benza ldehyde  by t e t r a l i n .  A s  shown i n  F i g u r e  1, t h e  
y i e l d  of t o l u e n e  i n c r e a s e s  w i t h  i n c r e a s i n g  r e a c t i o n  t i m e ,  on t h e  o t h e r  
hand, benzaldehyde d e c r e a s e s  g r a d u a l l y  a f t e r  r e a c h i n g  a maximum v a l u e ,  
g i v i n g  t o l u e n e  a s  t h e  hydrogenated  p r o d u c t  and benzene and carbon monoxide 
a s  t h e  decomposi t ion  p r o d u c t s .  

Although d i p h e n y l  e t h e r  and d ibenzofu ran  were v e r y  s t a b l e  f o r  
t he rmolys i s  a t  450°C f o r  120 min . ,  t h e  ra te  of  decomposi t ion  i n c r e a s e d  
w i t h  i n c r e a s i n g  t h e  number o f  benzene n u c l e u s ,  t h a t  i s ,  phenyl  naphthyl  
e t h e r  was conve r t ed  to  t h e  v a l u e  of  25% and phenyl  phenan th ry l  e t h e r  
4 6% a t  t h e  s a m e  r e a c t i o n  c o n d i t i o n s .  

These r e s u l t s  s t r o n g l y  s u g g e s t  t h a t  i n  c o a l  s t r u c t u r e  t h e  c o v a l e n t  
bond o f  benzy l  e t h e r s  composed o f  a l i p h a t i c  ca rbon  and oxygen w i l l  be 
e n t i r e l y  r u p t u r e d  a t  t empera tu res  lower t h a n  4 O O 0 C ,  and t h e  c o v a l e n t  
bond composed of  a r o m a t i c  carbon and  oxygen w i l l  be c o n s i d e r a b l y  
decomposed a t  45OoC, s i n c e  t h e  u n i t  s t r u c t u r e  of b i tuminous  c o a l  i s  
c o n s i d e r e d  t o  be composed o f  po lynuc leus  o f  s e v e r a l  benzene  r i n g s .  

The e f f e c t  o f  p h e n o l i c  compounds on  t h e  decomposi t ion  o f  d i a r y 1  e t h e r s  
I t  h a s  been  known t h a t  p h e n o l i c  compounds (16,171 i n  t h e  presence  

of hydrogen-donat ing  s o l v e n t  have a remarkable  e f f e c t  on  t h e  d i s s o l u t i o n  
of  c o a l .  T h e r e f o r e ,  i t  i s  i m p o r t a n t  to  c l a r i f y  t h e  fundamenta l  s t r u c t u r e  
o f  c o a l  be ing  decomposed e f f e c t i v e l y  by t h e  a d d i t i o n  o f  phenol .  

The the rma l  decomposi t ion  of  d i b e n z y l  was n o t  a f f e c t e d  by t h e  
a d d i t i o n  o f  phenol  or p -c re so l .  I n  c o n t r a s t ,  t h e  decomposi t ion  of  
2 , 2 ' - d i n a p h t h y l  e t h e r  i n c r e a s e s  remarkably  i n  t h e  p r e s e n c e  o f  pheno l i c  
compounds a s  shown i n  Tab le  3 ,  and t h e  e f f e c t  seems t o  i n c r e a s e  w i t h  
i n c r e a s i n g  t h e  e l e c t r o n  dona t ing  p r o p e r t y  of s u b s t i t u e n t  on  t h e  benzene 
nuc leus .  

The e f f e c t  o f  hydroquinone  and p-methoxyphenol is  remarkable ,  
b u t  t h i s  seems beyond argument a t  p r e s e n t  because  c o n s i d e r a b l e  p a r t s  
o f  them can  n o t  be  r e c o v e r e d  a f t e r  r e a c t i o n ,  s u g g e s t i n g  t h a t  very  
complex s i d e  r e a c t i o n s  are t a k i n g  p l a c e .  

Fur thermore ,  w e  s t u d i e d  t h e  e f f e c t  o f  p h e n o l i c  compounds on  t h e  
t h e r m o l y s i s  o f  phenyl  b e n z y l  e t h e r  a t  32OoC, because  even  r e a c t i v e  
pheno l s  such  as  p-methoxy phenol  a r e  q u i t e  s t a b l e  a t  t h i s  t empera tu re .  

t h e  conve r s ion  o f  pheny l  benzy l  e t h e r .  I n  t h i s  t h e r m o l y s i s ,  benzy l  
phenyl  e t h e r  w a s  decomposed t o  t o l u e n e  and phenol  (ca. 60%) and a l s o  
i somer i zed  t o  benzy l  phenol  ( ca .  4 0 % ) .  

As shown i n  Tab le  4 ,  a l l  phenols  t e s t e d  w e r e  conf i rmed t o  accelerate 

A c c e l e r a t i n g  e f f e c t  due  t o  pheno l s  on  t h e  r u p t u r e  of  e t h e r  l i n k a g e s  

t o  enhance t h e  the rma l  decomposi t ion  o f  c o v a l e n t  bond, b u t  w e  cou ld  
n o t  o b s e r v e  a n y  a c c e l e r a t i n g  e f f e c t  due t o  pheno l  on  t h e  decomposi t ion  
of  d i b e n z y l .  

s c i s s i o n  of  e t h e r  l i n k a g e .  

e t h e r  by s o l v a t i n g  t r a n s i t i o n  s t a t e  of t h e  s c i s s i o n  o f  e t h e r  l i n k a g e  and 
by hydrogen t r a n s f e r  t o  t h e  formed a lkoxy r a d i c a l s .  

Phenols  are  weak a c i d s  and p o l a r  s o l v e n t ,  and so o f t e n  obse rved  

T h e r e f o r e ,  pheno l s  m u s t  be  p a r t i c i p a t i n g  d i r e c t l v  i n  t h e  c o u r s e  Of 

Pheno l i c  compounds may enhance t h e  ra te  of  decomposi t ion  o f  a romat i c  
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Prev ious ly  w e  have  shown t h a t  p h e n o l i c  compounds have  a remarkable  
p o s i t i v e  e f f e c t  ( 4 )  on t h e  c o a l  l i q u e f a c t i o n  i n  t h e  p re sence  of  t e t r a l i n ,  
depending s t r o n g l y  on  t h e  c h a r a c t e r  o f  c o a l  a s  w e l l  a s  on  t h e  concen- 
t r a t i o n s  of phenols .  
d i a r y l  e t h e r s  w i l l  g i v e  a good e x p l a n a t i o n  f o r  t h e  p r e v i o u s  r e s u l t s ,  
because  a l i p h a t i c  e t h e r  s t r u c t u r e s  of  some young c o a l s  w i l l  b e  decom- 
posed r a p i d l y  a t  r e l a t i v e l y  low t e m p e r a t u r e s  and so t h e  ra te  of c o a l  
d i s s o l u t i o n  w i l l  n o t  b e  a f f e c t e d  by t h e  a d d i t i o n  of  pheno l s ,  on  t h e  
o t h e r  hand, t h e  polycondensed a r o m a t i c  e t h e r  s t r u c t u r e s  w i l l  be 
decomposed e f f e c t i v e l y  by t h e  a d d i t i o n  of pheno l s  i n  t h e  c o u r s e  of  c o a l  
l i q u e f a c t i o n .  

The e f f e c t  o f  pheno l s  on t h e  decomposi t ion  of 

The e f f e c t  of m i n e r a l  m a t t e r s  on  t h e  decomposi t ion  e t h e r s  
Recent lv .  t h e  e f f e c t  o f  m i n e r a l  ma t t e r s  of  c o a l  on  t h e  coal 

l i q u e f a c t i o n - h a s  a t t r a c t e d  much a t t e n t i o n .  
amounts of  FeS or p y r i t e  are  r e s p o n s i b l e  f o r  t h e  hydrogena t ive  l i q u e -  
f a c t i o n  of  c o a l .  
of mine ra l  matters of  c o a l  on  t h e  decomposi t ion  rate and p r o d u c t s  o f  
aromatic e t h e r s ,  and  so t h r e e  d i a r y l  e t h e r s  were t h e r m a l l y  t r e a t e d  i n  
t h e  p re sence  of c o a l  a s h  o b t a i n e d  by low t empera tu re  combustion of 
I l l i n o i s  No.6 c o a l .  

It  was shown t h a t  s m a l l  

T h e r e f o r e ,  it i s  i n t e r e s t i n g  t o  e l u c i d a t e  t h e  e f f e c t  

It  was found t h a t  t h e  a d d i t i o n  of coal a s h  remarkably  accelerates 
t h e  r a t e  of decomposi t ion  o f  d i b e n z y l  e t h e r  and a l s o  d r a s t i c a l l y  changes  
t h e  d i s t r i b u t i o n  o f  r e a c t i o n  p r o d u c t s ,  t h a t  i s ,  benzy l  t e t r a l i n  becomes 
t h e  main r e a c t i o n  p roduc t  i n s t e a d  o f  a m i x t u r e  of  t o l u e n e  and  benza l -  
dehyde, as shown i n  Tab le  5.  

components of c o a l  a s h ,  s i n c e  B e l l  and coworkers (18)  r e p o r t e d  t h a t  
benzy l  e t h e r  a c t s  a s  a n  a l k y l a t i n g  r e a g e n t  i n  t h e  p r e s e n c e  o f  L e w i s  

This  r e s u l t  i s  q u i t e  s u r p r i z i n g ,  b u t  can  be  a s c r i b e d  t o  t h e  a c i d i c  

a c i d  such as ZnC12. 
I n  t h e  c a s e s  o f  pheny l  benzy l  e t h e r  and phenyl  9-phenanthry l  e t h e r ,  

t h e  e f f e c t  o f  a s h  components was n o t  so remarkable .  

CONCLUSIONS 

Diary1  e t h e r  must b e  one  of  t h e  i m p o r t a n t  s t r u c t u r e s  r e s p o n s i b l e  

The ra te  of  decomposi t ion  o f  po lynuc leus  aromatic e t h e r s  i n c r e a s e s  

f o r  t h e  l i q u e f a c t i o n  of  coal among v a r i o u s  oxygen-conta in ing  o r g a n i c  
s t r u c t u r e s  o f  c o a l .  

w i t h  i n c r e a s i n g  t h e  number o f  n u c l e u s  of  a r y l  s t r u c t u r e  and are enhanced 
by t h e  a d d i t i o n  of p h e n o l i c  compounds. 

d i a r y l  e t h e r s  can be  a f f e c t e d  i n  t h e  p re sence  of  c o a l  a s h .  
The ra te  of  decomposi t ion  and  t h e  d i s t r i b u t i o n  of  p r o d u c t s  of some 
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TABLE 2 THERMAL DECOMPOSITION OF DIARYL ETHERS I N  TETRALIN 

Temp Time Conversion P r o d u c t s  (mole% of 
( " C )  b i n )  ( % I  r e a c t e d  e t h e r )  D ia ry1  e t h e r  

Diphenyl  e t h e r  

Dibenzof u r a n  
Phenyl  1-naphthyl  e t h e r  

2 ,2 ' -Dinaphthyl  e t h e r  

Phenyl  9-phenanthry l  e t h e r  

Phenyl  b e n z y l  e t h e r  

Dibenzyl  e t h e r  

450 30 
450 120 

450 30 
450 120 

450 60 

450 120 

450 120 

320 30 

400 30 

400 30 

0 
2 

3 .3  
25 

12 .5  

23.3 

45.5 

31.4 

1 0 0  

65  

PhOH 66 

2-Naphthol 04 
2-Naphthol 63 
PhOH 50,  
Phenanthrene 15  

Benzylphenol  40 

PhCH3 61,  PhOH 66, 
Benzylphenol  2 1  

PhCH3 106,  PhCHO 73, 
PhH 1 2  

PhCH3 55, PhOH 50, 

AT 4OOOC 

0 PhCH20CH2Ph 

PhCHO 

A PhH 

7 co 

\ 
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TABLE 3 EFFECT OF PHENOLS ON THE THERMAL DECOMPOSITION 2,2'-DINAPHTHYL 
ETHER AT 45OOC FOR 60 MIN 
(2,2'-Dinaphthyl ether 11 mole, Tetralin 225 mole, 
Additive 150 mole) 

Additive 
1-Methylnaphthalene 
Phenol 
p-Cresol 
2,4,6-Tremethylphenol 
1-Naphthol 
p-Phenylphenol 
p-Methoxyphenol 
Hydroquinone 

Conversion ( % )  
Dinaphthyl ether Phenol 

- 12.6 
17.1 1.5 
21.0 0 

26.0 3.5 
33.7 22.1 
34.1 0 
49.5 100 
63.5 57.7 

TABLE 4 EFFECT OF PHENOLS ON THE THERMAL DECOMPOSITION OF PHENYL 
BENZYL ETHER AT 32OOC FOR 30 MIN 
(Phenyl benzyl ether 27 mole, Tetralin 220 mole, 
Additive 140 mole) 

Additive Beznyl phenyl ether Phenols 
1-Me thylnaphthalene 31.4 - 
p-Creso 1 40.2 0 
p-Me thoxypheno 1 
1-Naph tho1 

44.1 
43.0 

1.1 
0 
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TABLE 5 EFFECT O F  COAL ASH ON THE THERMAL DECOMPOSITION OF DIARYL ETHERS 
( E t h e r s  4 mo le ,  T e t r a l i n  4 0  mole)  

A d d e d  Temp T i m e  C o v e r s i o n  P r o d u c t s  
A s h ( g )  ( " C )  ( m i n )  ( % )  (mole% of reacted e t h e r )  E t h e r s  

D i b e n z y l  e ther  __ 4 0 0  30 6 5  PhCH3 110, PhCHO 77, PhH 13 
Benzyltetralin 2.2 

0 . 0 1 5  4 0 0  30 100 PhCH3 6,  PhH trace, 
B e n z y l t e t r a l i n  152 

P h e n y l  b e n z y l  __ 4 0 0  30 100 PhCH3 61, PhOH 66, PhCH2Ph 6 ,  
e the r  Benzylphenol 27, 

B e n z y l t e t r a l i n  2 

0 . 0 1 5  400  30 100 PhCH3 38, PhOH 58, PhCH2Ph 3, 
Benzylphenol 39, 
B e n q k e t r a l i n  13 

__ P h e n y l  9- 4 5 0  1 2 0  4 6  PhOH 50, 
p h e n a n t h r y l  e t h e r  Phenanthrene 17 

0 . 0 5  4 5 0  1 2 0  55 PhOH 45, 
Phenanthrene 16 
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POSSIBLE HYDRIDE TRANSFER IN COAL CONVERSION PROCESSES 

David S .  Ross and James E. Blessing 

SRI International 
Menlo Park, CA 94025 

INTRODUCTION 

The conversion of coal to liquid fuels is usually carried o u t  in the presence of 
an H-donor solvent (H-don) such as tetralin. The chemical route commonly suggested . 
for the process is 

coal-coal+ 2 coal- (1) 

coal. -coalH 

in which there is initial thermal homolysis of sufficiently weak bonds in the coal 
structure yielding radical sites. These reactive sites are then "capped" by trans- 
fer of hydrogen atoms from the donor solvent. 
of this process, including detailed consideration of the thermochemistry of Steps 1 
and 2 above. 
may be an ionic component in the process. 

We will discuss here the chemistry 

We will then present some of our  recent data, which suggest that there 

BACKGROUND 

Step 1 above requires that there be bonds in coal which are weak enough to break 
in appropriate numbers at conversion temperatures and times. Table 1 displays some 
kinetic data for the cleavage of benzylic bonds in a series of increasingly aromatic 
compounds. In accord with expectation, an extension of the aromatic system increases 
the resonance stability of the thermally-formed free radical and therefore increases 
the ease with which the benzylic bond is broken. The phenanthrene system appears to 
be no more easily cleaved than the naphthalene system; however, ethyl anthracene is 
clearly destabilized significantly more than the other compounds in the table. 
large decrease in bond-dissociation energy for the anthracene system is reflected in 
the three to four orders of magnitude increase in rate of scission at conversion 
temperatures as shown in the table. 

The 

Also pertinent to discussion of Step 1 is the material in Table 2 ,  which includes 
bond dissociation energies and kinetic data at conversion temperatures for a series of 
C-C bonds. For the purposes of this discussion it can be assumed that substitution of 
-0- for -CH2- does not change the thermochemistry. Thus, for example, the Ph-0Ph bond 
and the Ph-CH2Ph bond are similar in strength. Again not surprisingly, double benzylic 
resonance as present upon the scission of the central bond in bibenzyl results in a 
significant destabilization, and that compound, as well as benzyl phenyl ether, PhOCH2Ph, 
are the only compounds with bonds easily broken under conversion conditions. If the 
full three to fou r  orders of magnitude increase in rate shown in Table 1 for anthracene 

ciently unstable f o r  conversion at 40Oo-500"C. 

1 ' 
I 
1 
I 
I 

I 
I systems is applied, we see that perhaps the 1,3-diarylpropane system may also be suffi- 

I 
I Thus it would seem that for coal con- 
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v e r s i o n  v i a  Steps 1 and 2 ,  a t  l e a s t  a t  4OO0C, t h e  f i r s t  s t e p  can be s u f f i c i e n t l y  rap id  
f o r  some s t r u c t u r a l  f e a t u r e s .  W e  w i l l  d i s c u s s  below some conversion d a t a  a t  335OC, 
however, which sugges t  t h a t  thermally-promoted bond-sciss ion i s  n o t  f u l l y  cons is ten t  
wi th  experimental  observa t ion .  

Next, a c o n s i d e r a t i o n  of the  k i n e t i c s  f o r  Step 2 r a i s e s  some ques t ions .  The 
t r a n s f e r  of hydrogen i n  similar r e a c t i o n s  has  been w e l l  s t u d i e d ,  and Table  3 presents  
d a t a  for  t h e  r e l a t i v e  r a t e s  of t r a n s f e r  of  hydrogen from a number of hydrocarbons t o  
t h e  f r e e  r a d i c a l  C1,C- a t  350°C. The donor hydrocarbons are l i s t e d  i n  order  of in-  
c reas ing  ease of  H- t ransfer  t o  t h e  f r e e  r a d i c a l .  T e t r a l i n  i s  near  t h e  middle  of the 
l i s t .  The most r e a c t i v e  donor i n  t h e  t a b l e ,  1,4-dihydronaphthalene, is about  four  
t i m e s  as a c t i v e  a s  t e t r a l i n .  

The t a b l e  a l s o  shows t h e  r e s u l t s  of experiments  wi th  t h e  donors and c o a l  i n  phen- 
an threne  as s o l v e n t .  Cons is ten t  wi th  t h e  t r a n s f e r  of hydrogen i n  a r a d i c a l  process ,  
those  donors less r e a c t i v e  toward C1,C-  than  t e t r a l i n  are a l s o  l e s s  e f f e c t i v e  than 
t e t r a l i n  i n  convers ion  of c o a l  t o  a phenanthrene-soluble  product .  However, i n  
c o n t r a s t  t o  t h e  chemistry of  S tep  2 i n  t h e  above scheme, w e  see t h a t  those  donors 
which a r e  more r e a c t i v e  toward C13C* than t e t r a l i n  are a l s o  less e f f e c t i v e  i n  t h e i r  
a c t i o n  with c o a l .  Thus t h i s  s imple conversion scheme i s  suspec t .  

CURRENT RESULTS WITH HYDRIDE-DONORS 

We have repor ted  on t h e  use of i sopropyl  a l c o h o l  a s  a n  H-donor so lvent  i n  coa l  
conversion, and s p e c i f i c a l l y  on t h e  e f f e c t s  of t h e  a d d i t i o n  of s t r o n g  bases  such a s  
KOH t o  the system ( 1 ) .  W e  found t h a t  &-PrOH brought about  a conversion of I l l i n o i s  
No. 6 coal very  s i m i l a r  t o  t h e  conversion l e v e l  ob ta ined  by t e t r a l i n  under t h e  same 
condi t ions .  These r e s u l t s  are l i s t e d  i n  Table 4, a long  wi th  t h e  r e s u l t s  of more 
r e c e n t  experiments u s i n g  methanol a s  t h e  s o l v e n t  and adding KOH t o  t h e  system. 

Isopropanol  i s  o f  course  a w e l l  known reducing agent  under b a s i c  condi t ions ,  re-  
ducing carbonyl  compounds v i a  hydr ide  t r a n s f e r ,  and becoming oxid ized  t o  acetone i n  
t h e  process  ( 2 ) .  The t a b l e  shows t h a t  t h e  a d d i t i o n  of KOH t o  t h e  system s i g n i f i c a n t l y  
i n c r e a s e s  t h e  e f f e c t i v e n e s s  of t h e  c o a l  conversion r e a c t i o n ,  and i t  would seem t h a t  
such a system would have a n  advantage over  one based on t e t r a l i n ,  where s i g n i f i c a n t  
c a t a l y s i s  of hydrogen t r a n s f e r  has  not  been d i r e c t l y  demonstrated. W e  found i n  our 
experiments with L-PrOH/KOH a t  335OC t h a t  coa l  was converted t o  a product about 60% 
s o l u b l e  i n  i-PrOH, that  f r a c t i o n  having a number-average molecular  weight of about 460. 

I n  some model compound s t u d i e s  wi th  t h e  i-PrOH/KOH system we  found t h a t  anthra-  
cene was converted to  9,lO-dihydroanthracene i n  64% y i e l d .  Benzyl phenyl e t h e r  was 
a l s o  s tudied  and w a s  converted t o  a polymeric material under t h e  r e a c t i o n  condi t ions.  
There were no t r a c e s  of  phenol nor  to luene ,  t h e  expected reduct ion  products .  

We found subsequent ly  t h a t  MeOH/KOH media a t  40OoC were very e f f e c t i v e  reducing 
systems, a s  t h e  r e s u l t s  i n  t h e  t a b l e  demonstrate .  The methanol work y ie lded  products I 

1 
ni t rogen  l e v e l s .  We sugges t  t h e  mechanism of reduct ion  i s  i o n i c  i n  n a t u r e ,  involving 
hydride t r a n s f e r .  Thus 

wi th  s i g n i f i c a n t  r e d u c t i o n s  i n  organic  s u l f u r  l e v e l s ,  and moderate reduct ions  i n  

H->-OH + OH-+ H ~ O  + H-~c-o- 

H-:C-O- + c o a l  -)=O + coalH- 1 
coalH- + H-)-OH - H-ZC-0- + coalHz 
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where coalH- and coalHz are an anionic intermediate and reduced coal respectively. 
The net reaction is 

H;C-OH + coal -,&O + coalH, 

and in fact in the L-PrOH work we isolated acetone in quantities consistent with the 
quantities of hydrogen transferred to the coal. 

The final coal product in the MeOH/KOH experiments was 20%-25% soluble in the 
methanol. When the methanol was removed, the resultant product was a room temperature 
liquid with the properties described in Table 5 .  The polymethylphenol fraction is 
apparently formed by the cleavage of phenolic ethers and subsequent methylation by 
the CO present in the reaction mixture as a result of methanol decomposition. The 
methylation reaction has been observed before for similar systems (3).. 

The methanol-insoluble product was also upgraded relative to the starting coal. 
Its H/C ratio was 0.86, its sulfur and nitrogen levels were 0.8% and 1.2% respectively, 
and it was fully pyridine-soluble. 

Model compound studies were carried out in MeOH/KOH also, and the results are 
shown in Table 6. 
by the reactions, and bibenzyl was recovered in 95% yield, with small amounts of  
toluene observed. Anthracene and diphenyl ether, on the other hand, were converted 
respectively to 9,lO-dihydroanthracene and a mixture of polymethylphenols similar to 
that observed in the work with coal. 
should yield both benzene and phenol as products; we saw no benzene in our study, and 
our observation of the polymethylphenols and anisoles thus indicates that nucleophilic 
ether cleavage is taking place. In other words, it appears that phenoxide is displaced 
by methoxide. 

Phenanthrene and biphenyl were quantitatively recovered unchanged 

The cleavage of diphenyl ether via hydrogenolysis 

t 
methylated products 

so that a favorable feature of the MeOH/KOH system in addition to its reducing power 
is its facility at cleaving otherwise inert ethers. 

The alcohol/base chemistry observed here led logically to a system including 
The CO/HzO/KOH, and accordingly, a series of experiments was performed at 400'C. 

COSTEAM Process is of course similar in nature, but without the purposeful addition 
of base. Also, it is applied primarily to lignite, though the COSTEAM chemistry has 
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been appl ied  less s u c c e s s f u l l y  t o  bi tuminous c o a l  a l s o .  
w i t h  t h e  b a s i c  system, a l o n g  wi th  t h e  p e r t i n e n t  c i t a t i o n s  t o  e a r l i e r  work by o t h e r s ,  
were r e c e n t l y  presented (4) .  

The r e s u l t s  w e  obtained 

To sunmarize our  e f f o r t ,  w e  found t h a t  CO/H,O/KOH systems converted I l l i n o i s  
No. 6 coal  to  a mater ia l  which w a s  f u l l y  pyr id ine  s o l u b l e ,  51% benzene s o l u b l e ,  and 
18% hexane so luble .  A s  w i t h  t h e  b a s i c  a l c o h o l i c  systems, t h e r e  were s i g n i f i c a n t  re- 
duc t ions  i n  organic  s u l f u r  l e v e l s ,  and moderate reduct ions  i n  n i t r o g e n  l e v e l s .  The 
chemistry h e r e  is s i m i l a r  t o  t h a t  f o r  t h e  b a s i c  a l c o h o l i c  systems, but wi th  formate 
(HC02-) as  the  hydride-donor, and t h u s  t h e  reducing agent .  In  c o n t r o l  runs  wi th  
HzO/KOH or  CO/H20 l i t t l e  o r  no conversion was observed. 

Model compound work wi th  t h i s  system showed t h a t  an thracene  was reduced t o  its 
9,lO-dihydro d e r i v a t i v e  (35% y i e l d ) .  Bibenzyl ,  on t h e  o t h e r  hand, was recovered un- 
changed with only  a trace of to luene  observed. 

The model compound work f o r  t h e  t h r e e  b a s i c  systems i s  summarized i n  F igure  1, 
i n  which a f i n d i n g  of no s i g n i f i c a n t  reduct ion  i n  t h e  r e s p e c t i v e  system i s  designated 
by a n  x'ed arrow. Our c r i t e r i o n  of s u c c e s s f u l  reduct ion  r e q u i r e s  t h a t  s i g n i f i c a n t  
q u a n t i t i e s  of t h e  s t a r t i n g  m a t e r i a l  be converted t o  reduced products .  I n  t h e  case of 
benzyl  phenyl e t h e r ,  f o r  example, while  l i t t l e  s t a r t i n g  e t h e r  w a s  recovered,  most of 
i t  being converted t o  a n  i n t r a c t a b l e  polymer, no phenol nor  to luene  was found. Thus 
we conclude t h e  system w a s  n o t  e f f e c t i v e  i n  reduct ion  of t h e  C-0 bond. 
ments apply regard ing  the C-C bond i n  b ibenzyl  f o r  t h e  MeOH/KOH and CO/H20/KOH systems. 

S i m i l a r  s t a t e -  

A s i g n i f i c a n t  conclus ion  t o  be drawn from these  d a t a  i s  t h a t  c o a l  is converted 
under condi t ions  where t h e  common model compounds benzyl phenyl e t h e r  and bibenzyl  a r e  
not  reduced. I n  explana t ion ,  i t  might be  suggested t h a t  t h e r e  a r e  two conversion 
mechanisms. One would b e  t h e  commonly considered scheme (eqs 1 and 2 ) ,  t ak ing  place 
i n  t e t r a l i n - l i k e  media, involv ing  f r e e  r a d i c a l  chemistry,  and reducing both c o a l  and 
such model compounds a s  b ibenzyl  and benzyl  phenyl e t h e r  through a thermally-promoted 
i n i t i a l  bond-scission. A second mechanism would be o p e r a t i v e  i n  s t r o n g l y  b a s i c  media, 
involve  hydride t r a n s f e r ,  and would perhaps inc lude  t h e  conversion of c o a l  v i a  chemistry 
r e l a t e d  i n  some way t o  t h e  r e d u c t i o n  of an thracene  by t h e s e  systems. 

However, a s  po in ted  out  above, t h e  commonly proposed f r e e  r a d i c a l  mechanism i s  
not  e n t i r e l y  c o n s i s t e n t  wi th  t h e  observed behavior  of H-donor s o l v e n t s  and c o a l .  
F u r t h e r ,  a thermally promoted C-C o r  C - 0  bond-sciss ion i s  i n c o n s i s t e n t  wi th  our  
observa t ions  i n  t h e  L-PrOH work a t  335OC. 
t h e  c o a l  was converted i n  t h i s  system t o  a product  wi th  a number-average molecular 
weight of l e s s  than  500. I f  w e  cons ider  t h a t  t h e  r a t e  cons tan t  f o r  t h e  unimolecular 
s c i s s i o n  of t h e  c e n t r a l  bond i n  b ibenzyl  i s  expressed (5)  as 

A s  a l s o  mentioned, a major f r a c t i o n  of 

log  k (sec-') = 14.4-57/2.303RT 

then whi le  t h e  h a l f - l i f e  f o r  t h e  r e a c t i o n  a t  40OoC is  about  2 hours ,  and thus  perhaps 
a p p r o p r i a t e  f o r  c o n s i d e r a t i o n s  of conversion a t  those  condi t ions ,  a t  335OC t h e  ha l f -  
l i f e  is about 160 hours ,  and c l e a r l y  t h e  r e a c t i o n  cannot play a s i g n i f i c a n t  r o l e  i n  
t h e  conversion of c o a l  a t  t h a t  temperature .  

Addi t iona l ly ,  i t  h a s  been noted t h a t  t e t r a l i n  o p e r a t e s  v i a  hydr ide  t r a n s f e r ,  a t  
l e a s t  i n  i t s  reduct ion  of quinones. Thus i t  has  been shown t h a t  t e t r a l i n  r e a d i l y  
donates  hydrogen t o  e lectron-poor  systems such a s  quinones a t  50°-1600C. 
i s  a c c e l e r a t e d  by electron-withdrawing s u b s t i t u e n t s  on t h e  H-acceptor and p o l a r  Sol- 

The reac t ion  
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vents, and is unaffected by free radical initiators (6). These observations are 
consistent with hydride transfer, as is the more recent finding of a tritium isotope 
effect for the reaction (7). 

We propose therefore that the operative mechanisms of coal conversion in both 
tetralin-like media and our strongly basic systems may be the same, involving hydride 
donation by the H-donor solvent, followed by proton transfer. 
surmise are the results for two experiments carried out under the same conditions, 
utilizing tetralin on the one hand, and CO/H,O/KOH on the other. 
presented in Table 7, and show that the products from the two reactions have similar 
diagnostic characteristics, including benzene solubilities, H/C ratios, and ratios 
of Hal/Har. 

Consistent with this 

The results are 

Further comparisons are in progress. 

Since the proposed conversion process does not include a thermally promoted 
bond-scission step, the question arises of how the addition of hydrogen results in 
the bond breaking necessary for significant reduction in molecular weight. 
already noted that the nucleophilic action of the basic methanol system was suffi- 
cient to cleave diphenyl ether, and a similar route is available in the basic L-PrOH 
and CO/H20 systems. On the other hand, we showed in control experiments that strongly 
basic conditions alone were not sufficient for significant conversion of coal. 

We have 

Based on the data at hand, we are currently considering two possible modes of 
molecular weight reduction. The first involves the generation of thermally weak bonds 
by the initial addition of hydrogen. We suggest that the addition of hydrogen to the 
structures below may be a key to the cleavage of critical bonds in coal. 

. Ocoal 

It can be shown thermochemically that the addition of hydrogen across structures like 
those above is favored under conversion conditions (1). In turn it can be suggested 
that the dihydroether intermediate is rapidly thermalized in the succeeding step, 
yielding both an oxygen-containing fragment and a rearomatized fragment that is 
rapidly reduced to a hydroaromatic product. The thermolysis of the intermediate is 
expected to be rapid at conversion temperatures, in accord with Brower's observation 
that, in tetralin, anthraquinone is converted all the way to anthracene (8). More- 
over, it is recognized that 9-hydroxy-9,lO-dihydroanthracenes readily eliminate 
water at ambient conditions, yielding the aromatized product (9). 

The second potential conversion mode takes into consideration the recent observa- 
tion that hydrogen acceptors such as benzophenone'oxidatively couple phenols under 
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conversion condi t ions  (10). It can thus  be suggested t h a t  t h e  major r o l e  of a re-  
ducing component i n  a c o a l  conversion system i s  the  reduct ion  of quinones and perhaps 
o t h e r  ox idants  present  i n  t h e  c o a l  r a t h e r  than  d i r e c t  reduct ion  of t h e  c o a l .  In t h e  
absence of an H-donor, then ,  o x i d a t i v e  c r o s s l i n k i n g  t a k e s  p l a c e  w i t h i n  t h e  c o a l  upon 
h e a t i n g ,  y i e l d i n g  a product  even l e s s  s o l u b l e  i n  s o l v e n t s  such  as p y r i d i n e  than  was 
t h e  s t a r t i n g  coa l .  On t h e  o t h e r  hand, i n  t h e  presence of a reducing agent ,  e i t h e r  con- 
v e n t i o n a l  H-donors such  as t e t r a l i n  o r  our  hydride-donat ing systems,  t h e  quinones and 
o t h e r  ox idants  should b e  reduced to u n r e a c t i v e  m a t e r i a l ,  and t h e  c o a l  then proceeds 
t o  l i q u e f y  by means of a thermal  process  involv ing  no a d d i t i o n  of hydrogen. We cannot 
a t  t h i s  time propose a r o u t e  f o r  purely thermal  l i q u e f a c t i o n  ( reverse  D i e l s  Alder re- 
a c t i o n s  might be sugges ted  f o r  purposes of example) and t h e  concept c u r r e n t l y  remains 
a working hypothesis .  
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Table 3 

REACTIVITY OF VARIOUS H-DONOR SOLVENTS WITH CCl. AND COAL 

Cosolvent 

None (Phenanthrene ) 
roluene 
2-Methylnaphthalene 
1-Methylnaphthalene 
Diphenylmethane 
Cumene 
Fluorene 
retralin 
9-Methylanthracene 
1.2-Dihydronaphthalene 
9.10-Dihydroanthracene 
9.10-Dihydrophenanthrene 
1,4-Dihydronaphthalene 

Relative Reactivity 
Tavard cc1,a 
(350°C) 

-- 
1.0 
2.1 
2.6 
6.0 

8.7 

(20) 
41.0 
56.0 

( 6 5 )  

(102) 
(102) 
(160) 

Relative 
Z Dissolution 

(2 hr/350°C) 

1331‘ 
1 
0 
2 
1 
0 

0 
21 

0 

6 

24 
22 
14 

‘Data from Aendry, D.. Hill, T., Piszkievicz, Howard, J., and Eigenman. H., 
J .  Phys. Chem. Ref. Data, 2. 931 (1974) .  The values in pafenthesis are 
estimated from other radical data available in the paper. 
carried aut in phenanthrene as solvent with 4.0 parts solvent per part. 
coal. and 10 wt % cosolvent. Unpublished data of D. Hendry and G. Hum, 
SRI. ‘Value for phenanthrene alone. 

bAll reactions 

Table 4 

ALCOHOLS AS H-DONOR SOLVENTS IN COAL CONVERSION 

Tetralin 

I-PrOHIKOH 
MeOH/KOH 

Pyr. Sol 

335190 48 

335190 
3351.90 
400190 99+ 0.96 

1.8 
1.6a 
0.8 

- 
ZN 

1.7 
1.6 
1.6 
1.6 
1.2 

- 

- 

‘Reduced to 0.5% vhen product treated further. 

Table 5 

PROPERTIES OF THE METHANOL-SOLWLE COAL PRODUCT 

H/C 1.31 7 -40% polymethylphenols and 
anisoles 

-40% mixture of butyrolactone 
distilled and heavier materials 
< 0.1 torr yielding CH,CH2CH2C=O+ and 

HOCH~CH~CH~C=O+ major 
fragments by mass spectres- 
COPY 

-20% unidentified 
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Table 6 

WODEL COWOUNDS IN M~OH/KOH AT 400'C/30 MWES 

- no reaction % 
- no reaction 

17% 9.10-dihydroanthracene 
3% methylanthracene 

Table 7 

COAL PRODUCTS~ 
COXTARISON OF CO/HxO/KOH-TREATED kWD TETRALIN-TREATED 

Conditions 

Tetraling 

aReactions run at h0O'C far 20 min in a stirred. 300 ml. Hastellay "C" re- 
actor .  10.0 g of dried, -60 mesh Illinois NO. 6 coal (PSOC-26) us2d in 
each case. bSolubility of entire product in 50 ml of benzene. 'Benzene 
soluble portion of the producr. 
%.%ti0 of 'H-NMR areas: Itali i 0 < 6 < 5 ;  Ha Om f 5<6<10. 
benzene and tetraIin were substracted bebre calculation. f36 g of H.0. 
10 g of KOH, and 700 psig of CO used in a 300 cc reactor. 

dBenzene insoluble p o r t i o n  of the product. 
Contributions from 

860 g of tetralin. 

IPA/KOH (335'13 NeOHIKOH (400'C) 1 
coal - coal __t 

anthracene - anthracene - 
PhCHaOPh PhrO - 

Phenanthrene ' ' v COIEzO/KOH (400'C) 
PhCR.CHsPh 

coal - 
I anthracene - I 

PhCHd3lrPh % 
FIGURE 1. 
IN SONE STRONGLY BASIC CONVERSION SYSTEMS. Arrows indicate that 
aignificant conversion to reduced products vas observed. 
arrows indicate that no reduction vas observed. 

SIIMEw(Y OF RESLTLTS FOR COAL AND SELECTED MODEL COMPOUNDS 

The x'ed 
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Hydrogenation Mechanism o f  Coals and Coal Cons t i t uen ts  by S t r u c t u r a l  Ana lys i s  o f  

React ion Products 

Y. Maekawa, Y. Nakata, S .  Ueda, T. Yoshida and Y. Yoshida 

Government I n d u s t r i a l  Development Laboratory ,  Hokkaido 
41-2 Higashi-Tsukisamy Toyohiraku, 

Sapporo, 061 -01, Japan 

I n t r o d u c t i o n  

It i s  g e n e r a l l y  conceded t h a t  i n  t h e  hydrogenation r e a c t i o n  o f  coal  t h e  
f o l l o w i n g  d i v e r s i v e  chemical reac t i ons  compete i n  para1 l e 1  (among and aga ins t  each 
o t h e r )  as t h e  r e a c t i o n  prodeeds : namely, thermal decomposit ion, s t a b i l i z a t i o n  o f  
a c t i v e  fragments by hydrogen, cleavage of l i n k a g e  between s t r u c t u r a l  u n i t s ,  
d e a l k y l a t i o n ,  dehetro atom, hydrogenation o f  aromat ic  r i n g ,  r i n g  opening e t c .  It 
i s  a l s o  accepted t h a t  t h e  va r ious  fea tu res  o f  these reac t i ons  a re  s t r o n g l y  i n f l u -  
enced and change t h e  t ype  o f  raw coal ,  t h e i r  i n d i v i d u a l  chemical s t r u c t u r e s ,  
p r o p e r t i e s  o f  t h e  c a t a l y s t  employed, t ype  o f  reducing agents, d i f f e r e n c e  i n  r e a c t i o n  
temperature and pressure and the  degree o f  r e a c t i o n  progress.  The r e s u l t i n g  
r e a c t i o n  products a r e  a complex m i x t u r e  of compounds and because o f  t h e  f a c t  t h a t  
t h e  s t r u c t u r a l  ana lys i s  t h e r e o f  i s  ext remely complicated, i t  f o l l o w s  t h a t  e l u c i -  
d a t i o n  and c l a r i f i c a t i o n  o f  t h e  r e a c t i o n  mechanism i n v o l v e d  a r e  ext remely d i f f i c u l t  
and t h e  r e s u l t s  a r e  f a r  f rom s a t i s f a c t o r y .  

Thus we have conducted work on the s u c t u r a l  parameters o f  coal  hydrogenation 
products  us ing t h e  method o f  Brown-Ladnerfr, and f rom t h e  r e s u l t s  obta ined we have 
conducted a f o l l o w  up on  t h e  changes o f  s t r u c t u r a l  parameters o f  product  accompany- 
i n g  t h e  r e a c t i o n  course; based on t h e  above t h e  o u t l i n e  of t h e  r e  on mechanisms 

I n  the  present  paper we have se lec ted  severa l  k inds  o f  coa l  samples and us ing  
these samples and v a r i o u s  reducing agents such as Hz, H2 + CH4, D2, D2 + t e t r a l i n ,  
CO + H20, we have c a r r i e d  o u t  hydrogenat ion reac t i ons .  
o f  t h e  s t r u c t u r a l  parameters o f  t h e  r e a c t i o n  products  and we have f u r t h e r  discussed 
t h e  r e a c t i o n  mechanisms invo lved .  

have been p r e v i o u s l y  d iscussed and our r e s u l t s  have been repo r ted  hS5j 

We have made a fo l low-up 

Ex per  i men t a  1 

The r e s u l t s  o f  t h e  a n a l y s i s  o f  t he  sample coa l  used i n  t h e  experiment a re  
shown i n  Table 1. 
an i n n e r  volume o f  500 m l .  
analysed by gas chromatograply. 
whole of  t h e  remain ing products  was quan t i t a ted  and f r a c t i o n a t e d  by e x t r a c t i o n  
u s i n g  n-hexan, benzene and p y r i d i n e .  The f r a c t i o n a t i o n  methods a r e  as shown i n  
Table 2, regard ing these  when f r a c t i o n a t i o n  i s  completed by benzene e x t r a c t i o n  
t h e  conversion was c a l c u l a t e d .  f rom organic  benzene i n s o l u b l e s  (O.B.I.) and when 
f r a c t i o n a t i o n  i s  c a r r i e d  o u t  by p y r i d i n e  the  same was c a l c u l a t e d  f rom organic  
p y r i d i n e  i n s o l u b l e s  (O.P.I . )  . 

Wi th regards t o  hydrogenat ion reducing agents such as HE, H2 + CH4, Dz, D2 + 
t e t r a l i n ,  CO + Hz0 were se lec ted  and reduc t i on  was conducted by va ry ing  t h e  reac-  
t i o n  t i m e .  Each f r a c t i o n a t e d  f r a c t i o n  was subjected t o  u l t i m a t e  ana lys i s ,  H-NMR, 
C-13 NMR, molecular  we igh t  measurement and the  s t r u c t u r a l  parameters were ca lcu-  
l a t e d .  The r e s u l t s  o f  f o l l o w  up o f  these s t r u c t u r a l  parameters i n  t h e  course o f  
t t i e  reac t i ons  were considered toge the r  and the  r e a c t i o n  mechanisms thereof  were 
discussed. 

Hydrogenat ion was couducted us ing  a batch t ype  autoc lave w i t h  
The r e a c t i o n  gas a f t e r  complet ion o f  t h e  r e a c t i o n  was 

Fur ther ,  t h e  produced water  was quan t i t a ted .  The 
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Resul ts  and Discuss ion 

Product d i s t r i b u t i o n  

has been dea ' 

i n te rmed ia teb j5 rb j .  Fu r the r  j j  has been po in ted  o u t  t h a t  Py-1, O2 l i k e w i s e  shows 
t h e  behavior  o f  in termediates . 

H i t h e r t o  from a considerable t ime  back h i g h  pressure hydrogenat ion r e a c t i o n  
h as a consecut ive r e a c t i o n  pass through asphaltene as t h e  

I n  F ig .  1 the  f o l l o w i n g  i s  depic ted;  t h e  hydrogenat ion products  o f  Yubari 
coal  a t  r e a c t i o n  temperature o f  400°C were f r a c t i o n a t e d  by t h e  procedure shown i n  
Table 2, and the  chagnes o f  these f r a c t i o n  y i e l d  by r e a c t i o n  t ime  a r e  shown. 
Inasmuch as the  presence o f  Py-2 i s  scarce i n  coa l ,  t h e  observed r e s u l t s  were ob- 
t a i n e d  i n  t h e  decreasing per iod,  thus i t  may r e a d i l y  surmized t h a t  an i n c r e a s i n g  
p e r i o d  i s  present  i n  t h e  i n i t i a l  stage o f  t he  r e a c t i o n .  Here we cons ide r  o i l - 1  
as t h e  f i n a l  product, and i t  may be noted t h a t  a l l  f r a c t i o n  o t h e r  than o i l - 1 ,  show 
an i n i t i a l  increase and a subsequent decrease i n  t h e  course o f  t h e  r e a c t i o n  and 
i t  i s  c l e a r  t h a t  they show t h e  behavior  o f  i n te rmed ia te  products  i n  a consecut ive 
reac t i on .  A more o r  l e s s  s i m i l a r  r e a c t i o n  was observed i n  o t h e r  reducing agents. 

rega rd ing  t h e  d i s t r i b u t i o n  o f  molecular  we igh t  o f  

I t i s  a l s o  known t h a t  raw coal  i t s e l f  has a s t r u c t u r a l  d i s t r i b u t i o n 9 ) l 0 ) .  

Based on prev ious 
these f r a c t i o n s ,  it i s  known t h a t  these have a wide d i s t r i b u t i o n  o f  mo lecu la r  
weight .  
Therefore i t  may be considered t h a t  i n  the  h igh  pressure hydrogenat ion o f  coa l ,  
t h e  r e a c t i v i t y  o f  remained unreacted coal  i s  g r a d u a l l y  changed and a l s o  consecu t i ve  
degradat ion o f  coal i s  being conducted. Th is  c o n s i d e r a t i o n  may be expressed i n  
a schematic diagram as fo l l ows .  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - _._ - J 
........... 1 +Fr N 

........ + F r  NE 

............ -+Fr  N 

........... ,Fr Nn+l . ... 
. . . . .  

. . .  
. .  . .  

. . . .  . . _  
. ' - . - .Fr  Nn+n 

I n  o t h e r  words, coal1 i s  raw coa l ,  i s  reac ted  and l e a d  t o  a change t o  a one 
s tep  lower molecular  f r a c t i o n  F r  AI, and a t  t h e  same t ime  as a s i d e  r e a c t i o n  F r  81 
F r  N1 i s  d i r e c t l y  produced. 
cons t i t uen ts  have been l o s t  from c o a l l ,  would n a t u r a l l y  have a d i f f e r e n t  composi t ion 
and r e a c t i v i t y  o f  t h a t  o f  c o a l l .  
undergo a change t o  F r  B1. 
molecular  lower ing d i r e c t i o n  o f  t he  r e a c t i o n  o f  hydrogenolys is ,  and i t  may be 
surmized t h a t  t h e  chemical r e a c t i o n  o f  each s tep  would be h i g h l y  complex. 

Coal2, t he  remain ing coa l  f rom which t h e  above 

A s i m i l a r  r e a c t i o n  may be expected when F r  A1 
The method of d e a l i n g  w i t h  t h e  above i n d i c a t e s  t h e  

I 

! 
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Based on the  above consideration, the mode of k ine t ic  study carried over a 
wide range, is so le ly  a means t o  express how the  f rac t ion ,  fractionated by a 
cer ta in  method, changes quant i ta t ive ly  in the reaction course. In other words 
these experimetnal r e su l t s  a r e  expressed i n  equation f o r  convenience dake. 
i t  may be considered t h a t  i t  may considered as  a practical  means i n  applicable 
form. 

And 

Now, each respective f rac t ion  shows a s t ruc tura l  change along with the reac- 
t i on  course, i t  may be xonsidered a t  the same time tha t  i t  contain t ransfer  material 
from a higher molecular f rac t ion .  In other words, f o r  instance Fr A2 i s  produced 
from coal 2 which changes by hydrogenolysis and a t  the same time, the residue 
result ing from the  reaction from Fr Alto Fr 61 i s  transferred and ex i s t  i n  a 
mixed s t a t e .  

This should be taken in t o  consideration when the reaction mechanism i s  t o  be 
discussed. 
changes of Py-1, Py-2 i n  the course of the reaction a re  due t o  the reaction i t s e l f .  

I n  Fig. 1 ,  i t  may be appropriate t o  consider t h a t  the  s t ruc tura l  

Hydrogenolysis by H7 

Hydrogenolysis was conducted using Yubari coal a t  a reaction temperature of 
400°C. The changes of ult imate composition and s t ruc tura l  parameters of the Py-1 
f rac t ion  of the hydrogenolysis products i n  the reaction course a re  shown i n  Fig. 2.  
Whereas oxygen and su l fu r  decreases with the  prodeeding of the reaction, the 
nitrogen containing s t ruc tu re  i s  re f rac tory  against  hydrogenolysis, and a tendency 
f o r  the nitrogen t o  be concentrate w i t h  the  reaction time was recognized. Inspite 
of the Py-1 i n  t he  reaction course y ie ld  decrease brought about by hydrogenolysis, 
however the  s t ruc tu ra l  parameters a re  almost the  same which suggests t ha t  Yubari 
coal has a uniform un i t  s t ruc ture .  The  decrease in  Hau/Ca in the  l a t t e r  part of 
the reaction, even when considered together with the  behavior of other parameters, 
i t  cannot be considered t h a t  this i s  the r e s u l t  of growth of the condensed 
aramatic r ing  of Py-1. 
analysis method u s i n g  C-13 NMR, i n  s p i t e  of the f a c t  t h a t  Hau/Ca should increase 
when sa tura t ion  of the  aromatic sings a r i s e s ,  because of t h e  Brown-Ladner as- 
sumption which has i t  t h a t  diphenyl type l i n k  
where Hau/Ca decreases in s i ze  may be presentPvcf. Therefore, i t  i s  donbtful the 
Hau/Ca d i r ec t ly  r e f l e c t s  the degree of aromatic r i n g  condensation. From the above 
i n  the l a t t e r  pa r t  of the reaction of Py-1, i f  we could consider tha t  saturation 
of the aromatic r ing  has a r i sen ,  i t  may be conceded t h a t  an increase i n  oal (alkyl 
group subs t i t u t ion )  i s  present. Although i t  can be s ta ted  tha t  by the  decrease 
of the molecular weight, the Py-1 i s  t r ans fe r  t o  asphalten, when the s t ruc tura l  
parameters of Py-1 and asphalten a re  compared, i t  may be conceded tha t  a t  th i s  
molecular weight lowering step deoxygen reaction, depolymerization, r ing saturation 
(side chain subs t i tu t ion  -oal ' 1  and likewise an increase i n  s ide  chain substi tution 
over C2 e t c  a re  taking place. Similar results may be observed i n  the hydrogenolysis 
of Bayswater v i t r i n i t e  concentrate, and i n e r t i n i t e  concentrate. 

Hydrogenation by H? + CH4 

I t  was noted t h a t  C H q  i s  produced as l a rges t  gas product in the hydrogenolysis 
od Coal and i s  found coexisting with resucing hydrogen, the influence thereof on 
the reaction m chanism was investigated.  

reaction r a t e  constant was measure. The r e su l t s  a r e  as  shown i n  Table 3. 

From the re su l t s  of an investigation of the structural  

i s  lacking, in cont ras t  cases 

When methane was added a t  a pressure of 
25 Or.50 kg/cm f to  the  i n i t i a l  hydrogen pressure of 75 kg/cm2 and the hydrogenolysis 

I t  may be seen t h a t  the reaction r a t e  constant mainly depends on the hydrogen 
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par t ia l  pressure. However, as  compared w i t h  the hydrogen only where methane i s  
added a t  a pressure of 25 kg/cm2, a s l i gh t ly  higher value i s  seen. B u t ,  i n  the 
case of 450°C likewise i t  may be considered t h a t  i t  so le ly  depends on hydrogen 
par t ia l  pressure. The r e su l t s  of an investigation on the chang of s t ruc tu ra l  
parameters of the reaction products by reaction time a re  shown in F i g .  3. 
i t  may be considered tha t  the increase i n  hydrogen pressure mainly enhances the 
saturation of aromatic rings (as  a r e su l t  an increase in a-hydrogen i s  seen) .  

4 L 2 -  D D + t e t r a l i n  reduction of coal 

used as  the reducing agent and deut r iza t ion  of coal was conducted and an inves t i -  
gation of the  D d i s t r ibu t ion  of reaction products was carried out.  
ing d is t r ibu t ion  of D,  D-NMR was used, and determination of D divided i n  3 
categories namely aromatic D(Da), D bonded carbon a from aromatic r i n g  (b), 
D bonded carbon fur ther  B from aromatic carbon was conducted. The r e s u l t s  a re  as  
shown i n  Table 4. 
hydrogen type d is t r ibu t ion ,  a s  seen when H Z  was used, was obtained. However, when 
compared w i t h  the d is t r ibu t ion  of hydrogen remaining in the reaction products, i t  
was shown t h a t  a marked maldistribution of diutruim a t  the a posit ion was seen. 
I t  was a l so  noted tha t  when t e t r a l i n e  i s  used as  the  vehicle,  th is  tendency because 
more pronounced. 

In addition t o  the minute amounts o f  hydrogen i n  the produced gas, correspond- 
i n g  t o  the  maxiym 34% of hydrogen i n  coal i s  present as  H - D ,  and i t  i s  known t h a t  
regarding D i n  the reactibn products, not only D from the  reaction b u t  a l so  'D 
a r i s ing  from the H-D exchange reac t i  n a r e  present. While there i s  a strong se- 
l e c t i v i t y  of H-D exchange reactionl27, the r a t i o  of Da, Do i s  comparatively high 
in the  products of the  i n i t i a l  s tage  and fu r the r  even w i t h  the increase in reac t i on  
time, since the Da, b, Do r a t i o  does not approach the  Ha, H a ,  Ho r a t i o ,  i t  may be 
considered t h a t  a la rger  portion of D reac ts  t o  a carbon from the  aromatic rings.  

This, 

In order t o  c l a r i fy  the  attack s i t e  of the  hydrogen used f o r  reduction, D2 was 

For the  measur- 

Da, Da, Do was concerted in to  H an approximately s imi la r  

Reduction by CO + H f i  
In Fig. 4 i s  shown a comparison of changes of the  s t ruc tura l  parameters of the  

reaction products i n  the reaction course where reduction of Soya coal samples i s  
conducted using H2 and CO + H20. The grea tes t  difference between the two, while i t  
i s  the same f rac t ion  under almost the  same conversion, in a CO + H20 system, there  
i s  a scarc i ty  of oxygen containing s t ruc ture .  
the oa l '  portion (hydrogen bonded a carbon from aromatic carbon) i s  smaller as  com- 
pared w i t h  the CO + H20 system. S t i l l  fur ther  under the present condition the  main 
reaction involved i n  molecular lowering i s  depolymerization, so the  nacent hydrogen 
coming form CO + H20 has a s e l ec t iv i ty  t o  a t tack  the  e ther  linkage, i n  addition i t  
may be considered tha t  H2 compared with th i s ,  has a de f in i t e  a c t i v i t y  f o r  the 
cleavage of the CH2 bridge. 

Further when H2 i s  used, i n  asphaltene 

I Conclusion 

The s t ruc tura l  parameter changes of products of coal reduction reaction under 
I various reducing reaction conditions were followed u p ,  and a discussion the  reaction 

mechanisms involved was made and the following conclusion were obtained. 

1 )  I t  may be considered t h a t  i n  the  hydrogenolysis reaction of coa l ,  the coal i s  
subjected t o  consecutive changes in components and r eac t iv i ty  w h i c h  r e su l t s  i n  

Regarding the chemical reaction observed under comparatively mild hydrogenolysis, 

i! 
I 

I a consecutive molecular lowering. 
I 

2 )  
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cleavage o f  l i n k a g e  between s t r u c t u r a l  u n i t s ,  s a t r u a t i o n  o f  aromat ic  r i ngs ,  
r i n g  opening, d e a l k y l a t i o n ,  deoxygen, d e s u l f u r i z a t i o n  were seen. 

When h i g h  p ressu re  hydrogen was used as t h e  reducing agent, i t  cou ld  be 
considered t h a t  as a r e s u l t  t h e  a d d i t i o n  o f  hydrogen t o  
aromat ic  r i n g  was h ighes t .  Th i s  was f u r t h e r  promoted by i nc reas ing  the  
r e a c t i o n  pressure.  

I t  may be considered t h a t  t h e  nacent hydrogen more s e l e c t i v e l y  con t r i bu ted  
t o  t h e  cleavage o f  e t h e r  b r i d g e  and t h a t  H2 was more s e l e c t i v e  than CO + H20 
rega rd ing  t h e  cleavage o f  t h e  CH2 b r idge .  

And a l s o  recognized t h a t  f o l l o w  up t h e  changes o f  s t r u c t u r a l  parameters i n  
t h e  course o f  r e a c t i o n  i s  e f f e c t i v e  t o  e l u c i d a t e  t h e  r e a c t i o n  mechanism o f  coal  
hydrogenolys is .  

3) 
a-carbon from the  

4) 
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Table 1 A n a l y t i c a l  da ta  on t h e  coa ls  s tud ied  

Proximate ana lys i s  % U l t i m a t e  a n a l y s i s  % 
M. Ash V.M.  F.C. C H N S 0 Sample 

Sova Ko ish i  -. 15.5 15.7 33.6 35.3 73.0 6.6 1.5 0.04 20.0 
Bayswater Vi;; 3.4 1.6 32.9 62.1 83.0 5.3 2.0 0.5- 9.2 
Bayswater I n  4.5 16.2 20.8 58.5 85.0 4.1 1.9 0.3 8.7 
Yubari 1.1 6.8 43.6 48.5 85.2 6.2 1.6 0.1 6.9 
Shin Yubari 1.2 7.4 34.7 56.7 87.4 6.5 1.8 0.04 4.7 

*1 Aus t ra r i an ,  V i t r i n i t e  99% concentrate 
*2 I n e r t i n i t e  95% concentrate 

Table 2 F r a c t i o n a t i o n  of coal  hydrogenat ion product  

sol vent F r a c t i o n a t i o n  
procedure F r a c t i o n  

Room temperature O i l - 1  : n-hexane s o l u b l e  o i l  
decan ta t i on  N- hexane 

2 Soxhlet  e x t r a c t i o n  O i l - 2  : n-hexane e x t r a c t  

Soxhlet extraction Asphaltene : benzene so lub le,  
Benzene n-hexane i n s o l u b l e s  

(Organic benzene i n s o l u b l e s )  

Room temperature P y r i d i n e  so lub le,  benzene 
decan ta t i on  i n s o l  ub l  es 

P y r i d i n e  5 Soxhlet  e x t r a c t i o n  P y r i d i n e  e x t r a c t  

I 

Soxhlet  e x t r a c t i o n  Organic p y r i d i n e  
res idue  i n s o l u b l e s  
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Table 3 React ion r a t e  constant  f o r  Shin-Yubari coa l  hydrogenolys is  under 
d i f f e r e n t  reducing gas composi t ion 

React ion Reducing gas Reac6ion r a t e  constant  min.-’ 
Temp. composit ion kl .+ k3 kl k3 

( kg/cm2 1 
HZ 75 0.0115 0.0037 0.0078 
H2 75 + CH4 25 0.0133 0.0050 0.0083 
H2 75 + CH4 50 0.0111 0.0033 0.0078 
H2 75 .+ A r  25 0.0109 0.0024 0.0085 

400°C 

H2 50 + CH4 50 0.0178 

450°C H2 75 + CH4 25 0.0230 
H2 100 0.0258 

Table 4 H and D d i s t r i b u t i o n  o f  hydrogenation and d e u t r a t i o n  product  o f  
Shin-Yubari coa l  a t  4OOOC under 50 kg/cm2 o f  i n i t i a l  pressure 

Product 

O i  1 

Gas Rt(rnin.) H and 0 d i s t r i b u t i o n  % 
Ha Ha Ho Da Da Do 

60 17.5 19.5 63.0 19.4 49.5 31.1 
120 18.7 21.2 60.1 19.9 50.9 29.2 

60 21.3 29.6 49.1 ;; 120 19.8 31.2 48.9 

D 60 28.8 29.8 41.4 20.1 54.5 25.4 
H;: 60 30.5 35.3 34.2 

60 30.3 29.9 39.8 12.9 61.7 25.4 
120 26.5 29.9 43.5 12.5 55.1 32.4 

Asphaltene ;; 60 27.4 36.4 36.2 
120 30.7 34.5 34.8 

D 60 26.1 29.8 44.2 - 68.3 31.7 
H;: 60 29.5 34.2 36.3 

* w i t h  t e t r a l i n e  
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FREE RADICAL CHEMISTRY OF COAL LIQUEFACTION. L .  W .  Vernon. Exxon Research and 
Engineering Company, P .  0. Box 4255, Baytown, Texas, 77520. 

In the. d i r e c t  hydrogenation o f  coal both donor hydrogen and molecular hydrogen play 
important ro les .  T h i s  report describes some s tud ie s  which were made on a number o f  model 
s t ruc tu res  thought t o  be present  i n  coal,  i n  o rder  t o  obta in  a b e t t e r  understanding of 
the function o f  these two hydrogen forms i n  the chemistry o f  coal l iquefac t ion .  When d i -  
benzyl i s  pyrolyzed a t  450"C, the  products produced depend upon the hydrogen environment. 
In  the  absence of an ex terna l  source of hydrogen the major products a re  toluene and s t i l -  
bene. In the presence o f  a donor solvent such as  t e t r a l i n  the  only major product i s  
toluene. However, when the  pyro lys i s  i s  ca r r i ed  out  i n  the presence of molecular hydro- 
gen, the major products a r e  toluene, benzene and ethylbenzene. The product d i s t r ibu t ion  
i s  a function o f  hydrogen pressure.  
cons is ten t  with a l l  these r e su l t s .  In this reac t ion  scheme the i n i t i a l  reac t ion  is  the 
thermal cracking of the 6 bond t o  form benzyl r ad ica l s .  The benzyl radical can be s t a -  
b i l ized  by abs t rac t ion  of hydrogen from the donor so lvent  o r  from dibenzyl.  
u l a r  hydrogen the s t a b i l i z a t i o n  reaction produces a hydrogen atom. 
then promote the cracking o f  t h e  a bqnd i n  dibenzyl to  form benzene and ethylbenzene. 
Experiments w i t h  diphenyl give fu r the r  evidence fo r  the presence of hydrogen atoms i n  
these sys terns. 

A simple reaction mechanism i s  proposed which is 

With molec- 
The hydrogen atom can 
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PERICYCLIC PATHWAYS I N  THE MECHANISM OF COAL LIQUEFACTION 

P.S. V i r k ,  D.H. Bass, C . P .  Eppig, and D.J. Ekpenyong 

Department of Chemical Engineer ing 
Massachusetts I n s t i t u t e  o f  Technology 

Cambridge, Massachusetts 02139 

1. INTRODUCTION 

The o b j e c t  o f  t h i s  paper i s  t o  draw a t t e n t i o n  t o  t h e  p o s s i b l e  importance of 

I n  o u t l i n e  o f  what f o l l o w s  we w i l l  beain by b r i e f  re fe rence  t o  prev ious work 

concerted molecular  reac t i ons ,  o f  t h e  t ype  termed p e r i c y c l i c  by Woodward and 
Hoffman (l), i n  the  mechanism o f  coal l i q u e f a c t i o n .  

on coal l i q u e f a c t i o n .  The present  approach w i l l  then be mo t i va ted  from considera- 
t i o n s  o f  coal s t r u c t u r e  and hydrogen-donor a c t i v i t y .  A t h e o r e t i c a l  s e c t i o n  
f o l l o w s  i n  t h e  form o f  a p e r i c y c l i c  hypothes is  f o r  t h e  coal l i q u e f a c t i o n  mechan- 
ism, w i t h  focus on t h e  hydrogen t r a n s f e r  s tep.  
t heo ry  a r e  then discussed, w i t h  p resen ta t i on  o f  p r e l i m i n a r y  r e s u l t s  f o r  hydrogen 
t r a n s f e r  among model subs t ra tes  as we l l  as f o r  t h e  l i q u e f a c t i o n  of an I l l i n o i s  
No. 6 coal t o  hexane-, benzene-, and py r id ine -so lub les  by se lec ted  hydrogen donors. 

Previous l i t e r a t u r e  on coal l i q u e f a c t i o n  i s  voluminous ( 2 ) .  Molecular  hy- 
drogen a t  e leva ted  pressyres i s  e f f e c t i v e  (3 )  bu t  more recen t  work has employed 
hydrogen donor ' s o l v e n t s  , such as t e t r a l i n  ( 4 ) ,  which a re  capable o f  l i q u e f y i n g  
coal a t  r e l a t i v e l y  m i l d e r  cond i t i ons .  Donor e f fec t i veness  i s  s t r o n g l y  dependent 
upon chemical s t r u c t u r e .  Thus, among hydrocarbons, severa l  hydroaromatic com- 
pounds r e l a t e d  t o  t e t r a l i n  
corresponding f u l l y  a romat i c  m o r  f u l l y  hydrogenated a compounds a r e  r e -  
l a t i v e l y  i n e f f e c t i v e  (7,9). Fur ther ,  among a l coho ls ,  isopropanol  HO< and o-cyc lo-  
hexy l  phenol HO-o a r e  e f f e c t i v e  donors (7 )  whereas t -bu tano l  H O q  i s  n o t  (10). 

obse rva t i ons  have been t h e o r e t i c a l l y  a t t r i b u t e d  (e.g. 2,9) t o  These 
a f r e e - r a d i c a l  echanism accord ing t o  which, du r ing  l i q u e f a c t i o n ,  c e r t a i n  weak 
bonds break w i t h i n  t h e  coal  subst rate,  forming r a d i c a l  fragments which a b s t r a c t  
hydrogen atoms from t h e  donor, thereby becoming s t a b l e  compounds o f  lower molecu- 
l a r  weight  than the  o r i g i n a l  coa l .  According t o  t h i s  f r e e - r a d i c a l  mechanism, 
therefore,  donor e f f e c t i v e n e s s  i s  r e l a t e d  t o  t h e  a v a i l a b i l i t y  o f  abs t rac tab le  hy- 
drogen atoms, and t h i s  n o t i o n  seems t o  have won general acceptance i n  t h e  l i t e r a -  
t u r e  because i t  r a t i o n a l i z e s  t h e  e f fec t i veness  o f  t e t r a 1  i n ,  which possesses benzy- 
l i c  hydrogen atoms, r e l a t i v e  t o  naphthalene and d e c a l i n ,  which do n o t .  However, 
t h e  foregoing mechanism i s  l e s s  than s a t i s f a c t o r y  because indane @'J , which has 
j u s t  as many b e n z y l i c  hydrogens as t e t r a l i n ,  i s  r e l a t i v e l y  i n e f f e c t i v e  (7 )  as a 
donor. A l so ,  t h e  a c t i v i t y  o f  t h e  a l coho l  donors, l i k e  isopropanol ,  would have t o  
i n v o l v e  a b s t r a c t i o n  of  hydrogen atoms bonded e i t h e r  t o  oxygen o r  t o  an sp3-hybrid- 
i z e d  carbon; t h i s  seems u n l i k e l y  because bo th  o f  these bonds a r e  r e l a t i v e l y  s t rong  
compared t o  any t h a t  t h e  hydrogen might  form w i t h  a coal  fragment r a d i c a l .  

The present  approach t o  t h e  coal l i q u e f a c t i o n  mechanism evolved f rom contem- 
po ra ry  knowledge o f  c o a l  s t r u c t u r e  (e.g. 11,12,13), which emphasizes t h e  ex is tence 
of hetero-atom-conta in ing hydroaromatic s t r u c t u r e s  compr is ing 2- t o  4 - r i n g  fused 
aromatic n u c l e i  j o i n e d  by s h o r t  methylene b r idges .  From t h i s  i t  i s  apparent t h a t  
sigma bands between sp3 -hyb r id i zed  atoms i n  coal a r e  seldom more than one bond re -  
moved from e i t h e r  a p i - e l e c t r o n  system o r  a hetero-atom con ta in ing  s u b s t i t u e n t .  
Such a molecular  t opo loqy  i s  f avo rab le  f o r  p e r i c y c l i c  r e a c t i o n s ,  which are most 
Prone t o  occur on skeletons w i t h  proximal n -  and o-bonds a c t i v a t e d  by subs t i t uen ts .  
We the re fo re  hypo thes i ze  t h a t  t h e  o v e r a l l  i n t e r a c t i o n  between t h e  coal subs t ra te  
and hydrogen donor, which even tua l l y  leads t o  l i q u e f a c t i o n ,  i nvo l ves  a sequence 
of concerted, p e r i c y c l i c  steps. (Approp r ia te  steps w i l l  be d e t a i l e d  i n  t h e  next  

Experiments suggested by t h e  

are known t o  be e f f e c t i v e  (5,6,7,8), w h i l e  t h e  

B 
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section.) The novelty of this approach is twofold; first, the mechanistic con- 
cept is essentially different from any that has hitherto been proposed in coal- 
related literature and second, it lends itself to quantitative tests and predic- 
tions since the pericyclic reactions envisioned must obey the Woodward-Hoffman 
rules (1) for the conservation of orbital symmetry. 
that if the present approach proves valid, then it will have the engineering signi- 
ficance that the large volume of recently developed pericyclic reaction theory (14, 
15,16) could be applied to the practical problem of defining and improving actual 
coal 1 iquefaction processes. 

2. THEORY 

It should also be pointed out 

In delineating a coal liquefaction mechanism we distinguish three basic steps, 
namely rearrangements, hydrogen-transfer, and fragmentation, a1 1 of which are hypo- 
thesized to occur via themally-allowed pericyclic reactions. Some typical reac- 
tions appropriate for each step are indicated below using Woodward-Hoffman (1) 
terminology: 

Rearrangements: 
Hydrogen-Transfer: Group-transfers 
Fragmentation: 

Sigmatropic shifts, electrocycl ic reactions 

Group-transfers , retro-ene, cyclo-reversions . 
An illustration of how the overall pericyclic mechanism might apply to the 

decomposition of 1,2 diphenylethane, a model substrate, in the presence of Aldihy- 
dronaphthalene, a model hydrogen-donor, has recently been given (17). In the pre- 
sent work, attention is focussed on the hydrogen-transfer step. 

Hypothesis. 

occurs by concerted pericyclic reactions of the type termed 'group transfers 
Woodward and Hoffman (1). 

m A e s s .  

is symmetry allowed when the total number of (4q + 2) suprafacial and (4r) antara- 
facial components is odd". 

donor, and phenanthrene, & , a substrate (hydrogen acceptor) which models a 
polynuclear aromatic moiety commonly found in coal. 
reaction : 

The transfer of hydrogen from donors to the coal substrate during liquefaction 
by 

The Woodward-Hoffman rules (1) state that: 

To illustrate how this applies in 

A ground state pericyclic change 

he present circumstances we consider a pos- 
sible group transfer reactio etween A 2 dihydronaphthalene, a , a hydrogen 

In the overall group transfer 
6 3  v F? 

(Rl) Group Transfer: 
H 

substrate donor hydrogenated dehydrogenated 
24n) 6e(uncr) substrate donor 

hydrogen is transferred from A2-dialin to the phenanthrene, producing 9,lO dihydro- 
phenanthrene and naphthalene; this reaction is slightIy exothermic, with AH; - -8 
kcal as written. The electronic components involved are 2e(n) on the substrate 

the reaction will be thermally forbidden in either the supra-supra stereochemistry 
(which is sterically most favorable) or the antara-antara stereochemistry (steri- 

supra or supra-antara modes, both of the latter being possible, but sterically 
difficult, stereochemistries. A reaction profile for (Rl) is sketched in Figure 1 ,  
showing energy versus reaction coordinate as well as transition state stereochemis- 

We note 

I and 6e(on~) on the donor and from the Woodward-Hoffman rules it can be seen that 

cally the most unfavorable) but will be thermally allowed in either the antara- 

I 

I 

I try for both the forbidden supra-supra and the allowed antara-supra modes. 
I 
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nex t  t h a t  changing t h e  donor from 8 2 - d i a l i n  
donor e l e c t r o n i c a l l y  f rom a 6e(uno) component t o  a 4 e ( u ~ )  component, o f  con t ra ry  
o r b i t a l  symmetry. Thus f o r  t h e  o v e r a l l  r e a c t i o n :  &, 

t o  AT-d ia l in  , changes the 

(R2) Group Transfer :  
k 

2e (n  1 ae(dd.1 

t h e  supra-supra (and antara-antara)  modes w i l l  be the rma l l y  a l lowed w h i l e  the  an- 
tara-supra (and supra-antara) modes a r e  forb idden.  
i s  t h a t  t h e  chemica l l y  ve ry  s i m i l a r  d i a l i n  isomers should e x h i b i t  s t r i k i n g l y  d i f -  
f e r e n t  r e a c t i v i t i e s  i n  concer ted group t r a n s f e r s  w i t h  a g iven subst rate,  on ac- 
count  o f  t h e i r  oppos i te  o r b i t a l  symmetries. Note t h a t  no reasonable f r e e - r a d i c a l  
mechanism could p r e d i c t  profound d i f f e r e n c e s  i n  t h e  donor c a p a b i l i t i e s  o f  these 
d i a l i n  isomers. 
t h e  subst rates.  Thus anthracen . i s  a 4e(nn) component, o f  symmetry oppo- 
s i t e  t o  t h a t  o f  phenanthrene & which i s  a 2e(n) component; t he re fo re ,  w i t h  a 
g i ven  donor, such as A 2 - d i a l i n  , group t rans fe rs  t h a t  a r e  symmetry-for- 
bidden w i t h  phenanthrene w i l l  be symmetry-allowed w i t h  anthracene i n  t h e  same 
sterochemist ry .  Acco rd ing l y ,  t h e  r e a c t i o n :  

The p r a c t i c a l  upshot o f  t h i s  

O r b i t a l  symmetry arguments can a l s o  be extended t o  d i f ferences i n  

a 
U M 

(R3) Group Transfer :  

i s  a 4e(nn) + 6e(ono) group t rans fe r ,  which i s  t he rma l l y -a l l owed  i n  the  supra- 
supra s tereochemist ry  whereas t h e  analogous r e a c t i o n  (R1 ) w i t h  phenanthrene was 
forbidden. 

Genera l i za t i on  o f  t h e  preceding suggests t h a t  t h e r e  e x i s t  two bas i c  classes 
o f  donors (and acceptors) ,  o f  oppos i te  o r b i t a l  symmetries, which w i l l  r e s p e c t i v e l y  
engage i n  group t rans fe r  r e a c t i o n s  e i t h e r  as (4n+2) e l e c t r o n  components o r  as (4n) 
e l e c t r o n  components. Donors w i t h  (4n+2)e w i l l ,  i n  general,  t r a n s f e r  hydrogen t o  
(4m+2)e acceptors, t h e  most favo rab le  supra-supra s tereochemist ry  be ing  presumed 
i n  each case. Among the  (4n+2)e c l a s s  of hydrogen donors, t he  f i r s t  (n=O) member 
i s  molecular  hydrogen and t h e  second (n-1) member i s  t h e  but-2-ene moiety, wh i l e  
among t h e  (4n)e c l a s s  of donors, t h e  f i r s t  (n=1) member i s  t h e  ethane moiety ,  t he  
second (n=2) t h e  hexa-2,4-diene moiety .  Among hydrogen acceptors, t h e  (4m+2)e 
c lass  has t h e  e t h y l e n e  and hexa-l,3,5-tr iene m o i e t i e s  as i t s  f i r s t  two members, 
w h i l e  t h e  (4m)e c l a s s  o f  acceptors  possesses t h e  buta- l ,3-d iene and octa-l,3,5,7- 
t e t raene  mo ie t i es  as i t s  f i r s t  two members. Each o f  t h e  fo rego ing  s e r i e s  can be 
cont inued s t r a i g h t f o r w a r d l y  f o r  n>2. 

donor c lass  w i l l  be conserved i n  any hydrogen t r a n s f e r  sequence. Thus a (4n+2)e 
donor, say, w i l l  t r a n s f e r  hydrogen t o  a (4m)e acceptor, and t h e  l a t t e r ,  upon ac- 
cep t ing  t h e  hydrogen, w i l l  e v i d e n t l y  become a (4m+2)e donor, o f  t h e  same c lass as 
t h e  o r i g i n a l  donor. 

The donor and accep to r  c lasses i 1 l u s t r a t e d  w i t h  hydrocarbons can be d ' r e c t l y  

would be a 4 donor, o f  t h e  same o r b i t a l  symmetry as t h e  ethane 

logous t o  an e thy lene  moiety  = i n  terms o f  o r b i t a l  symmetry. Thus hydrogen t rans -  
f e r  reac t i ons  o f  molecules w i t h  hetero-atoms should have t h e  same allowedness as 
reac t i ons  of t h e i r  i s o - e l e c t r o n i c  hydrocarbon analogues. 

I n t e r e s t i n g l y ,  t h e  n a t u r e  o f  a l lowed donor-acceptor i n t e r a c t i o n s  suggests t h a t  

extended t o  i n c l u d e  hetero-atoms. For  example, t h e  a l coho l  moiety  H \ O ~ /  111 
moiety  HL/ w . S i m i l a r l y  t h e  carbonyl  mo ie ty  O= would be a 2e acceptor ,  ana- 

I' 

(B) R e a c t i v i t y  
The ac tua l  r a t e s  o f  thermal ly-a l lowed p e r i c y c l i c  r e a c t i o n s  v a r y  v a s t l y ,  and 
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frontier-orbital theory (14,15,16) has proven to be the primary basis for quantitb- 
tive understanding and correlation of the factors responsible. It is therefore of 
interest to find the dominant frontier orbital interactions for the group transfer 
reactions hypothesized to occur. 

The HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied MO) 
levels for hydrogen donors used in coal liquefaction are not yet well known, but 
the principles involved can be illustrated with the group transfer reaction between 
molecular hydrogen, a (4n+2)e donor with n = 0, and naphthalene, a (4m)e acceptor 
with m = 1: 

U 

@ 
4e(nn) + !i2(Gi H 

(R4) Group Transfer: 

An approximate frontier orbital (FO) interaction diagram for this system is pre- 
sented in Figure 2. This shows that the dominant FO interaction, i.e., that with 
the lowest energy gap, is between HOMO(H2)-LUMO (m); details of the interaction 
are given towards the bottom of the figure showing the respective phases and coef- 
fi cients involved. 

transfer reactions suggests that they would be facilitated by a reduction in the 
HOMO (hydrogen donor)-LUMO (hydrogen acceptor) energy separation. Thus donor 
effectiveness should be enhanced by increasing the donor HOMO energy, e.g., by 
electron-releasing or conjugative substitution, whereas acceptor effectiveness 
should be enhanced by lowering the acceptor LUMO level, e.g. by electron-withdraw- 

The preceding indications regarding the dominant FO interaction in hydrogen- 

because 

containing HOMO. For the 
fective (4n)e type of donor than tetralin 
A2-dial ins have the opposite orbital symmetrl'es; their reactivities cannot there- 
fore be meaningfully compared, inasmuch as their reactions with a common acceptor 
cannot both be allowed. 

3. EXPERIMENTS 

( A )  Model Compounds 
From the theoretical discussion it follows that the present hypothesis for 

the hydrogen transfer mechanism can be tested by a study of reactions between hy- 
drogen donors and acceptors of opposite orbital symmetries. Our experimental grid 
is shown in Table 1.1. The coal substrate was modelled by anthracene, a (4m)e 
acceptor, and by phenanthrene, a (4m+2)e acceptor; both of these aromatic C14 
moieties exist in coal and are found in coal-derived liquids. The hydrogen donor 
solvent was modelled by a number of c clic C10 compounds derived from naphthalene 

interest, being respectively hydrogen-donors of the (4n+2)e and (4n)e classes; the 
tetralin and decalin served as control solvents, the former being very commonly 
used in coal liquefaction experiments. For the 2 x 2 matrix of possible hydrogen- 
transfer reactions between the model C14 substrates and C10 dialin solvents, the 
Woodward-Hoffman rules predict that reaction in the favorable supra-supra tereo 
chemistry should be thermally-allowed for (AI-dialin + phenanthrene) and @?-dialin 
+ anthracene) and thermally-forbidden for (AI-dialin + anthracene) and bz-dialin + 
phenanthrene). These predictions are shown in Table 1 .1 with J denoting the al- 
lowed and x the forbidden reactions. 

imnersed in a molten-salt bath that was maintained at a desired, constant tempera- 
ture. Pipe-bomb heat-up and quench times, on the order of 1 min each, were 

by hydrogenation. Among these, the A T - and &dialin isomers were o f  principal 

1 
i 

The experiments were conducted batchwise in small stainless-steel pipe-bombs 
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negligible compared with reaction times, which were on the order of 1 hr. 
agents used were obtained commercially; a l l  were of purity ?. 98% except f o r  the A 2 -  
d i a l in  which had a composition of (e.$ ,<a’ , 
mol%. The proportions of substrate t o  solvent were mainxained constant,  w i t h  the 
C14 substrates as l imi t ing  reactants i n  a l l  cases. The extent of reaction was mea- 
sured by proton-NMR spectroscopy on samples of the whole reaction batch, as well as 
of each of the C10 and C14 fractions separated by vacuum d i s t i l l a t i o n  and l iqu id  
chromatography . 
age conversion of each of the model C14 substrates t o  t h e i r  di-hydroderivatives by 
each of the model C10 solvents. Consider f i r s t  the  column f o r  the anthracene sub- 
s t r a t e ,  showing i t s  conversion t o  9,lO dihydroanthracene a f t e r  2 hr a t  300 C i n  
various solvents.  The conversion by @ (58%), i s  an order of magnitude greater 
than tha t  by a (5%), i n  s t r i k i n  accord w i t h  the theoretical  predictions ac- 
cording t o  which the reaction with 
bidden. Note too t h a t  conversions w i t h  the control 
(no reaction) were less than those w i t h  the test 
t e r  were indeed the more ac t ive .  Reactions w i t h  phenanthrene subs t ra te  required 
ra ther  more severe conditions,  namely 2 hr a t  400 C ,  than anthracene. While the 
lower r eac t iv i ty  of phenanthrene r e l a t ive  t o  anthracene i s  generally well known, i n  
the present context i t  can d i rec t ly  be a t t r ibu ted  t o  the phenanthrene possessing 
the higher energy LUMO.. The conversions observed, (16%) > ( l o % ) ,  are 
in  accord w i t h  theore t ica l  predictions,  and apprecia ly  exceed the  conversions ob- 
tained w i t h  the control solvents 03 ( 2 % )  and a? (no reac t ion) .  I t  is  ‘nter-  
esting t h a t  the observed se l ec t iv i ty  of hydrogen-transfer from the A T -  and A3- 
d ia l ins  t o  phenanthrene, respectively (0.6/1), i s  not as g rea t  as t h a t  t o  anthra- 
cene, respectively (12/1). Possible reasons f o r  this a re  f i r s t  t ha t  whereas an- 
thracene is e s sen t i a l ly  always constrained t o  i n t e rac t  w i t h  supra-stereochemistry 
a t  i t s  9,lO pos i t ions ,  the  phenanthrene s t ruc ture  admits a possible antara-inter-  
action across i t s  9,lO posit ions and t h i s  l a t t e r  m i g h t  have permitted a thermally- 
allowed (antara-supra hydrogen-transfer from A2-dialin. Second, the A2-dialin 
used contained some d - d i a l i n  impurity, which could not contribute t o  anthracene 
conversion (forbidden) whereas i t  might have contributed t o  the  phenanthrene con- 
version (allowed); t h i r d ,  the d ia l ins  have a tendency t o  disproportionate,  t o  
naphthalene and t e t r a l i n ,  a t  elevated temperatures and this  might have influenced 
the  resu l t s  f o r  phenan hrene, which were a t  the  higher temperature. 

more active than t e t r a l i n  (and decalin) in t ransfer r ing  hydrogen t o  anthracene and 
phenanthrene. The observed se l ec t iv i ty  of this hydrogen t r ans fe r  i s  i n  accord w i t h  
t he  Woodward-Hoffman ru les  fo r  group t ransfer  reactions,  anthracene conversions be- 

T h e  re- 

, aJ ) = ( 7 ,  9 ,  20, 64) 

Experimental r e su l t s  a re  shown i n  Table 1 . 2 ,  which quotes the  observed percent- 

was allowed while t h a t  with 0 

In summary, the A ~ -  and A2-dialin isomers have been shown t o  be appreciably 

/ a) = 12/1 >> l while phenanthrene conversions a re  i n  
) = 0.6/1 < 1. The quant i ta t ive  differences i n  the se lec t -  

and phenanthrene a r e  being fu r the r  explored. 

(B) Coal Conversion 
The d i a l in  donor solvents were a l s o  used d i r ec t ly  in coal l iquefaction s t u d -  

ies. Inasmuch as d e t a i l s  of coal s t ruc ture  a r e  unknown, the  present theory can 
only be tes ted  in a qua l i t a t ive  way, as  follows. First, i f  the l iquefaction of 
Coal occurs under k ine t ic  control w i t h  hydrogen-transfer from the donor solvent 
involved i n  the rate-determining s tep ,  then we should expect the  d i a l in  donors t o  
be more e f fec t ive  than the control solvent t e t r a l i n  (and a l so  deca l in) .  This i s  
suggested by the theory because the d i a l in s  possess higher energy HOMOS than t e t r a -  
l i n  and according t o  the f ront ie r -orb i ta l  analysis given previously, the hydrogen- 
t ransfer  reactions o f  the  d i a l in s  should therefore be k ine t ica l ly  favored r e l a t ive  
t o  those of t e t r a l i n .  
preserved during hydrogen t ransfer ,  i . e , ,  a donor of a given c l a s s  is capable only 
of intWaCtion with acceptors of the complementary c lass .  Now since the coal sub- 
S t r a t e  l ike ly  contains hydrogen acceptors of both (&)e and (4mt2)e c lasses ,  a 

Second, according t o  the present theory,  donor symmetry i s  
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mixture of solvents containing donors of both (4ntZ)e and (4n)e c lasses  should be 
more e f fec t ive  in hydrogen t ransfer  than a s ing le  solvent of e i the r  c l a s s  which 
could in te rac t  w i t h  only one of the two possible cl?sses i n  coal.  T h u s ,  i n  p r in -  
c ip l e ,  f o r  each coal there should e x i s t  an 'optimal solvent which contains hydro- 
gen donors of opposite symmetries i n  proportions t h a t  a re  matched t o  the propor- 
t i o n s  of the complementary hydrogen acceptors in the coal.  
theory suggests t h a t  a mixture of A ~ -  and A2-dialins should be a be t t e r  donor so l -  
vent than e i ther  the A I -  or the &dia l in  alone, w i t h  the fur ther  indication t h a t  
there  may ex is t  an optimal mixture composition tha t  i s  cha rac t e r i s t i c  of a given 
coal. 

coal,  from Sesser, I l l i n o i s .  Proximate and elemental analyses of this h i g h  vola- 
t i l e  A bituminous coal a re  given in Table 2 .  The coa l ,  of pa r t i c l e  s i ze  600-1200 
microns (32x16 mesh), was dried a t  110 C in a nitrogen blanketed oven pr ior  t o  
l iquefaction. A solvent t o  coal weight r a t i o  of 2.0 was used i n  a l l  experiments, 
which were conducted i n  tubing bomb reac tors  t h a t  were immersed in a constant-  
temperature bath fo r  the desired time while being rocked t o  ag i t a t e  the reac tor  
contents. A t  the end of each experiment, t he  reac tors  were quenched and t h e i r  con- 
t en t s  analyzed t o  ascer ta in  the amounts of each of hexane-, benzene-, and pyridine- 
solubles (plus gas) produced from the  original coal.  The procedure used for a l l  
analyses i s  described fo r  the  pyridine-solubles (plus gas ) .  F i r s t  the reac tor  con- 
t en t s  were extracted w i t h  pyridine and the  residue dried on a pre-weighed ashless 
f i l t e r  paper to  provide the gravimetric conversion t o  pyridine-solubles, defined 
a s  100(1-(daf residue/daf c o a l ) ) .  Second, the  residue was ashed in  a furnace fo r  
3 hours a t  800 C ,  yielding the ash-balance conversion t o  pyridine solubles,  de- 
fined as  lOO(l-(a/A))/(1-(a/lOO)) where A and a were respectively the w e i g h t  per- 
centages of ash i n  t he  residue and in the original coal.  The conversions obtained 
from each of the two methods normally agreed t o  within _C 2 weight percent and were 
averaged t o  provide f ina l  values. 

Results showing ,the effectiveness of the  A 1 -  and A2-dia1ins in  coal l iquefac- 
t ion  r e l a t ive  t o  control solvents,  naphthalene, deca l in ,  and t e t r a l i n ,  a r e  pre- 
sented in Tables 3.1 and 3.2. In both these t ab le s ,  each row provides the  con- 
version of the coal sample t o  each of hexane-, benzene-, and pyridine-solubles 
(plus gases) by the indicated solvent. 
perature of 400 C and a reaction time of 0.5 h r .  Among the control solvents,  i t  
can be seen t h a t  the naphthalene and decalin give s imi la r  r e su l t s  and a r e  both 
much l e s s  e f fec t ive  than t e t r a l i n ,  the y i e lds  of each of hexane-, benzene-, and 
pyridine-solubles obtained w i t h  the former being roughly half of those obtained 
with the  l a t t e r .  The greater effectiveness of t e t r a l i n  as a donor-solvent re la -  
t i v e  t o  naphthalene and decalin i s  i n  agreement w i t h  previous s tud ies  (2,7,9).  
Further, the absolute conversion t o  benzene-solubles (plus gases) obtained w i t h  
t e t r a l i n  i n  the present work, namely 44 weight percent, compares favorably w i t h  
the values of 36 and 47 weight percent reported by Neavel (9) for  comparable HVA 
and HVB bituminous coals a t  s imi la r  reaction conditions. The accord between the  
control solvent l iquefaction data shown i n  Table 3.1 and the l i t e r a t u r e  permits us 
t o  place some confidence i n  the present experimental procedures. Turning now t o  
the  d i a l i n  donors, fo r  which coal l iquefaction data have not h i ther to  b en re -  
ported, i t  can be seen from Table 3.1 t h a t ,  r e l a t ive  t o  t e t r a l i n ,  the  A?-dialin 
yielded appreciably more hexane-solubles, somewhat l e s s  benzene-solubles, and ap- 
proximately the same pyridine-solubles. Also r e l a t i v e  t o  te t ra1  in ,  the &dia l in  
yielded appreciably more hexane-sol ubles, approximately the  same benzene-solubles, 
and appreciably more pyridine-solubles. I t  i s  apparent t h a t  the d i a l i n s ,  especi- 
a l l y  the &dia l in ,  were more e f fec t ive  donor solvents t h a n  t e t r a l i n  in l iquefac- 
t ion of the present coal sample. While no precise chemical in te rpre ta t ion  can be 
attached t o  the quant i t ies  used to  measure l iquefaction, the pyridine-solubles 
roughly represent the extent t o  which the coal subs t ra te  i s  converted, whereas the 
hexane-solubles are a measure of the f i n a l ,  o i l ,  product ( the benzene-solubles re- 

For these reasons our 

Liquefaction experiments were performed on a sample (18) of I l l i n o i s  No. 6 

Table 3.1 contains data derived a t  a tem- 

I 

t 

I 
, present an intermediate). Accordingly, from Table 3 .1 ,  the A?-dialin increased 
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the  coal conversion by 16 percent and product o i l  formation by 37 percent r e l a t ive  
t o  t e t r a l i n .  
of 300 C and a reac t ion  time of 0.5 hr, w i t h  r e s u l t s  reported i n  Table 3.2. 
control solvents,  decal in yielded neither hexane- nor benzene-solubles, while t e t -  
r a l i n  yielded no hexane-solubles b u t  did y ie ld  the indicated small amounts of ben- 
zene- and  pyridine-solubles. 
vided appreciable amounts of benzene- and pyridine-solubles. The conversions seen 
i n  Table 3.2 a r e  a l l  much lower than the corresponding conversions i n  Table 3.1, 
undoubtedly a consequence of the lower reaction temperature, 300 C versus 400 C ,  
reaction times being equal. Finally,  Table 3.2 shows tha t  the A2-dialin solvent 
produced 3 times the  benzene-solubles and 5 times the  pyri'dine-solubles produced 
by t e t r a l i n ,  a s t r ik ing  re-inforcement of the indication from Table 3.1 tha t  t he  
d ia l ins  were the more e f f ec t ive  donors. 

r e t i ca l  suggestion t h a t  a mixture of A I -  plus A2-dialin isomers might be a more 
ef fec t ive  solvent than e i the r  one of the d i a l in s  alone. Preliminary r e su l t s  a t  
400 C and 0.5 hr reaction time, a r e  shown i n  Table 4 which quotes the  r a t i o  of the 
conversion t o  each of hexane-, benzene-, and pyridine-solubles obtained w i t h  a sol- 
vent mixture containing equal amounts of A1- and A2-d ia l in s  r e l a t ive  to  the  average 
of the corresponding conversions obtained w i t h  each of the  Al-dialin and A2-dialin 
solvents separately.  (Generally, i f  hX was the  conversion to say, pyridine-sol- 
ubles obtained with a solvent mixture containing a f rac t ion  x' of  solvent 1 ,  while 
pi and p2 were the conversions respectively obtained with the pure solvents 1 and 
2 separately,  then the departure of the  r a t i o  rx = pmX/(xp1 + (1-x)pZ) from unity 
will evidently measure the effectiveness of the solvent mixture r e l a t ive  t o  the 
separate pure so lvents . )  In Table 4 i t  can be seen t h a t  the coal conversion t o  
hexane-, benzene-, and pyridine-solubles w i t h  the d i a l i n  mixture was respectively 
28, 1 ,  and 18 percent grea te r  than the average fo r  the separate solvents. 
resu l t s  a re  evidently i n  accord w i t h  the theore t ica l  prediction, b u t  fu r ther  work 
i s  being undertaken t o  seek the genera l i ty  of t h i s  r e su l t  and t o  discern an o p t i -  
mum solvent mixture. 

4. CONCLUSIONS 

A few l iquefac t ion  experiments were a l s o  conducted a t  a temperature 
O f  the 

The 82-dialin yielded no hexane-solubles but pro- 

A second se r i e s  of l iquefaction experiments were conducted t o  t e s t  t he  theo- 

These 

A t  typical coal l iquefaction conditions, namely temperatures from 300 t o  400 C 
and r action imes on the order of 1 h r ,  hydrogen t ransfer  from model C10 donors, 

curs in the sense allowed by the Woodward-Hoffman ru l e s  f o r  supra-supra group 
t ransfer  reactions.  Thus, i n  t he  conversion of the C14 substrates t o  t h e i r  9,lO 
dihydro derivatives t h e  d i a l i n s  exhibited a s t r ik ing  reversal of donor a c t i v i t y ,  
the Al-dialin causing about twice as much conversion of phenanthrene b u t  only one- 
tenth as much conversion of anthracene as did A2-dialin. 

The d i a l in s  were a l so  found t o  be more e f f ec t ive  donor solvents than t e t r a l i n  
i n  the  l iquefaction o f  a n  I l l i n o i s  No. 6 HVA bituminous coal.  For example, a t  
400 c and 0.5 h r  reaction time, 82-dialin yielded 16% more pyridine-solubles and 
37% more hexane-solubles than t e t r a l i n ;  a t  300 C and 0.5 hr reaction time, the 82- 
dial  i n  yielded 5 times the  pyridine-solubles and 3 times the benzene-solubles 
yielded by t e t r a l i n .  

Finally,  a mixture containing equal par t s  of 81- and A2-dialin was found t o  
be a more e f fec t ive  donor solvent than e i the r  of t he  A1-or A2-dialins separately.  
A t  400 C and 0.5 h r  reac t ion  time, the mixture of donors yielded 18% more pyridine- 
solubles and 28% more hexane-solubles than the average for  the separate donors. 

The preceding experiments o f f e r  preliminary support t o  our notion t h a t  peri-  
cyc l ic  pathways m i g h t  be intimately involved i n  the mechanism of coal l iquefac- 
t ion .  More spec i f ica l ly ,  the  r e su l t s  indicate t h a t  pericyclic group t ransfer  re- 
actions cons t i tu te  a plausible pathway fo r  the t r ans fe r  of hydrogen from donor sol-  
vents t o  coal during l iquefaction. 

the AT- and A 5 -d i a l in s ,  t o  model C14 acceptors,  anthracene and phenanthrene, oc- 
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TABLE 1.1 Model Compound Experimental G r i d  

rs~ 
Coal Model C14 k& 6JglQ 

So lven t  C10 Supra-Supra A1 1 owedness 

os 
m m J 

a X 

X 

J 

TABLE 1 .2  Model Compound Experimental Resu l t s  

React ion Temp = 300 C Temp = 400 C 
Cond i t i ons  Time = 2 H r  Time = 2 H r  

p-.- 
Coal Model C14 & \!Q@ 

Solven t  C10 % convers ion t o  9, lO-d ihydro-der ivat ive 

m 0 0 a3 3 2 

a 58 10 

a 5 16 
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TABLE 2. Coal Sample Charac te r i za t i on  

O r i g i n :  I l l i n o i s  No. 6 f rom Sesser, I l l i n o i s  
Rank: Bituminous, High V o l a t i l e  A 

Proximate Anal s i s :  VM FC Ash To ta l  
(wt% d r y  basis! 37.3 56.7 6.0 100.0 

Elemental Ana lys i s :  H C N 0 S To ta l  
(wt% d a f )  5.4 82.0 1.6 10.2 0.8 100.0 

TABLE 3. Coal L i q u e f a c t i o n  Resul ts  

1. 

Solvent  Coal Conversions t o  

Temperature = 400 C : Reaction Time = 0.5 h r  

Hexane- Benzene- P y r i d i n e -  
Solub les (p lus  gas), w t %  

Naphthalene 8.0 29.7 

Deca l i n  a 10.8 22.522.6 32.5 

T e t r a l i n  20.9 43.921.4 70.2 

A ’ -D ia l i n  27.0 39.621.9 71.3 

A2-D ia l i n  a 28.6 44.921.5 81.4 

2. Temperature = 300 C : Reaction Time = 0.5 h r  

Deca l i n  a 0 0 

T e t r a l i n  a 0 2. a?O. 6 3.7 

A2-D ia l i n  a o 9.051.5 19.3 

TABLE 4. Coal L i q u e f a c t i o n  by Mixed D i a l i n  Solvent  

Temperature = 400 C : React ion Time = 0.5 h r  

Solvent :  1:1 m i x t u r e  o f  A’ -  and A2-d ia l i ns  

Hexane- Benzene- Py r id ine -  
Sol ub les 

Conversion 
R a t i o  r 1.28 1.01 1.18 

Note: r = pm/0.5(pl+p2) where pm, p1, p2 a re  r e s  e c t i v e l y  t h e  
convers ions obta ined w i t h  mixed so l ven t ,  A P - d i a l i n  and A$- 
d i a l i n .  

t% 
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INTRODUCTION 

For  a number o f  years,  l a b o r a t o r y  and p i l o t - s c a l e  s t u  i e s  have been conducted i n  
t h e  area o f  coal  l i q u e f a c t i o n  w i t h  hydro en donor so l ven ts  I' 1-41. The k i n e t i c s  of these 
processes and the  composi t ion o f  t h e  coa? products  have been stud ied;  however, t h e  
mechanism of  hydrogen t r a n s f e r  from donor so l ven t  t o  coa l  i s  s t i l l  n o t  w e l l  understood. 

hydrogenation(5). The work i nvo l ved  t h e  use o f  deuter ium gas as a t r a c e r  t o  f o l l o w  t h e  
i n c o r p o r a t i o n  o f  hydrogen i n t o  coa l  du r ing  l i q u e f a c t i o n .  No donor s o l v e n t  o r  c a t a l y s t  
was added t o  t h e  coal  i n  those experiments. Using an i s o t o p i c  t race r ,  i t  was p o s s i b l e  
t o  f o l l o w  t h e  r e a c t i o n  mechanism more c l o s e l y  and t o  determine the  f a t e  o f  t he  r e a c t -  
ants ,  w i thou t  a l t e r i n g  t h e  course o f  t h e  reac t i on .  Two s i g n i f i c a n t  r e s u l t s  were 
ob ta ined  i n  t h a t  i n v e s t i g a t i o n .  Deuterium i n c o r p o r a t i o n  i n  s o l v e n t - f r a c t i o n a t e d  coal  
products  was found t o  va ry  w i t h  p roduc t  f r a c t i o n  and s t r u c t u r a l  type. 
increased from t h e  most s o l u b l e  o i l  f r a c t i o n  t o  t h e  i n s o l u b l e  res idue.  In each of t he  
t h r e e  so lub le  f r a c t i o n s  as determined by NMR spectrometry, s e l e c t i v e  i n c o r p o r a t i o n  o f  
deuter ium was found i n  t h e  a - a l k y l  f u n c t i o n a l  reg ion.  

A 
deuter ium labe led  donor s o l v e n t  ( t e t r a l  i n - d l z )  was prepared t o  study t h e  chemis t r y  o f  
t h e  so l ven t  du r ing  l i q u e f a c t i o n .  I n  a separate experiment, naphthalene-dg was used t o  
i n v e s t i g a t e  t h e  chemist ry  o f  hydrogen t r a n s f e r  between coa l  and a so l ven t .  
experiment, t h e  coa l  products  and spent so l ven t  were analyzed f o r  t o t a l  deuter ium con- 
t e n t  and f o r  deuterium con ten t  by s t r u c t u r a l  p o s i t i o n .  

Recent ly  we repo r ted  on  a deuter ium t r a c e r  method f o r  t h e  i n v e s t i g a t i o n  of coa l  

Deuterium uptake 

The present  work examines t h e  donor s o l v e n t  process d u r i n g  coa l  l i q u e f a c t i o n .  

I n  each 

EXPERIMENTAL 

M a t e r i a l s  and Apparatus 

Lover idge Mine, P i t t s b u r g h  Seam, was d r i e d  a t  115OC f o r  4 hours be fo re  use i n  each 
experiment. Technical grade deuter ium (>98 atom % deuter ium and t o t a l  hydrocarbons 
<1 ppm) and h i g h - p u r i t y  n i t r o g e n  were u t i l i z e d .  

t o p i c  p u r i t y  o f  t e t r a l  i n - d  2 and napkthalene-dg were determined by NM{ spect rometry .  
Batch experiments were pertormed i n  a 1 - l i t e r  s t i r r e d  au toc lave  (Autoc lave Engineers) 
and a 0 . 2 5 - l i t e r  rock ing  au toc lave  (Par r ) .  

Experimental Procedure 

High v o l a t i l e  A b i tuminous coa l  (81.8% C, 5.1% H, dmmf bas is) ,  -200 mesh, f rom the  

Naphthalene-d was pu rc  ased from the  
A l d r i c h  Chemical Co., and t e t r a l i n - d  2 was prepared i n  t h i s  l a g o r a t o r  (6 ! , The i s o -  

t 

I n  a t y p i c a l  l i q u e f a c t i o n  experiment, t h e  au toc lave  was charged a t  room tern era-  
t u r e  Wi th t e t r a l a n - d l $  coa l  and deuter ium gas. The au toc lave  was heated t o  4OOgC. the  
r e a c t i o n  was con uc te  ' f o r  1 hour, then t h e  au toc lave  was cooled t o  room temperature. 

1 
I 
I 
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Gaseous products were removed f o r  a n a l y s i s  by GC-MS. 
t i l l e d  a t  reduced p ressu re  t o  remove spent donor so l ven t  mix ture,  and t h e  remain ing coal 
products  were s o l v e n t - f r a c t i o n a t e d .  
o u t  under s i m i l a r  c o n d i t i o n s  except t h a t  n i t r o g e n  cover gas was used ins tead  o f  
d e u t e r i  um. 

Product  Analyses 

The spent so l ven t  m i x t u r e  was d i s t i l l e d  from the  coa l  products, separated by gas 
chromatography ( G C )  and analyzed by NMR spect rometry .  The s o l i d  and l i q u i d  coal pro-  
duc ts  were s o l v e n t - f r a c t i o n a t e d  i n t o  o i l  (hexane so lub le,  HS), asphaltene (benzene 
so lub le ,  BS), benzene-methanol s o l u b l e  (BMS) and i n s o l u b l e  res idue  (benzenemethanol 
i n s o l u b l e ,  BMI) f r a c t i o n s .  The 1 i q u e f a c t i o n  products  were s o l v e n t - f r a c t i o n a t e d  us ing  
t h r e e  ACS reagent grade s o l v e n t s :  hexane isomer mixture,  benzene and methanol. Sam- 
p l e s  o f  f r a c t i o n s  were combusted, and t h e  r e s u l t i n g  water was analyzed by mass 
spectrometry (Shrader A n a l y t i c a l  Labs) t o  determine t h e  deuterium and p ro t i um atom % 
d i s t r i b u t i o n .  Elemental a n a l y s i s  o f  product  f r a c t i o n s  was conducted by G a l b r a i t h  
Laborator ies.  

The r e a c t i o n  products  were d i s -  

The naphthalene e x t r a c t i o n  experiment was c a r r i e d  

Proton and deuteron NFlR spec t ra  o f  so lub le  f r a c t i o n s  and spent s o l v e n t  m ix tu res  

The pu lse  
were obta ined us ing a JEOL FX6OQ FT NMR Spectrometer. 
which corresponds t o  14 ps f o r  p r o t o n  and 75  ps f o r  deuteron Nf lR spect ra.  
r e p e t i t i o n  t imes were 6.0 and 9.0 s ,  r e s p e c t i v e l y .  
t o n  NMR solvent, and ch loroform was used as t h e  deuteron NMR so lvent .  

A f l i p  ang le  o f  45O was used 

Chloroform-d was used as the pro- 

RESULTS AND DISCUSSION 

The r e s u l t s  o f  two donor  s o l v e n t  hydrogenat ion experiments and a coa l  e x t r a c t i o n  
experiment a r e  presented i n  t h i s  paper. The experimental cond i t i ons  and product  y i e l d s  
of  t h e  two donor s o l v e n t  l i q u e f a c t i o n  experiments (E10 and E19) a r e  summarized i n  
Tab le  1. 
di f ferences i n  t h e  t ype  o f  au toc lave  and a p p l i e d  pressure.  
de igned t o  i n v e s t i g a t e  hydrogen t r a n s f e r  from a donor s o l v e n t  t o  coal .  The atom 

made w i thou t  t h e  use o f  a donor so lvent(57;  i t  was found t h a t  deuterium i n c o r p o r a t i o n  
increased from the  most s o l u b l e  o i l  f r a c t i o n  t o  t h e  i n s o l u b l e  res idue,  no s i m i l a r  t rend 
was observed i n  these experiments. 

The s o l v e n t - f r a c t i o n a t e d  coa l  products  from E10 and E19 were analyzed by p ro ton  
and deuteron NMR spect rometry .  Table 2 l i s t s  t h e  i n t e g r a t i o n  percentages o f  t he  th ree  
s o l u b l e  f r a c t i o n s  by f u n c t i o n a l  reg ion.  The s e l e c t i v e  i n c o r p o r a t i o n  o f  deuterium by 
func t i ona l  r e g i o n  i s  demonstrated by t a k i n g  the  r a t i o  o f  deuter ium i n c o r p o r a t i o n  over 
p r o t i u m  inc  r p o r a t i o n .  F o r  example, t h e  E10 HS 2H percentage o f  7% l i s t e d  i n  Table 2 

va lue  7% represents  t h e  number o f  d e u t e r i u y  atoms i n  t h a t  f u n c t i o n a l  reg ion  normalized 
t o  a 2H va lue of 100%. The (2H /2H)/(1Hx/ H) r a t i o s  a r e  shown i n  Table 3. A r a t i o  of 
u n i t y  means t h a t  t h e  n o r m a l i z e d x f r a c t i o n  o f  p ro t i um and deuterium conta ined i n  t h a t  
f u n c t i o n a l  reg ion  a r e  equal. Since the  r a t i o  i s  much g r e a t e r  than u n i t y  i n  a l l  o f  t he  
a - a l k y l  regions, i n d i c a t i o n s  a r e  t h a t  i n  l i q u e f a c t i o n  experiments conducted w i t h  a 
donor so lvent ,  as w e l l  a s  i n  l i q u e f a c t i o n  experiments 
o r  c a t a l y s t  as was shown i n  ou r  prev ious presentat ion(59,  s i g n i f i c a n t  s p e c i f i c  i n c o r -  
p o r a t i o n  occurs i n  t h e  a - a l k y l  p o s i t i o n .  

One can u t i l i z e  t h e  i s o t o p i c  composi t ion and deuter ium i n c o r p o r a t i o n  by s t r u c t u r a l  
p o s i t i o n  O f  t h e  spent donor s o l v e n t  t o  develop a mechanis t ic  pathway o f  hydrogen t rans-  
f e r .  A t t e n t i o n  was focused on two major processes which can occur  s imul taneously  i n  
donor so l ven t  1 i q u e f a c t i o n .  Te t ra1 in -d  can donate f o u r  o f  i t s  t r a n s f e r a b l e  deuterium 
atoms t o  coal w i t h  t h e  fo rma t ion  of na Afhalene-dg; t e t r a l i n - d  2 can p a r t l c l p a t e  I n  
i s o t o p i c  exchange o f  i t s  deuter ium w i t !  p ro t i um i n  t h e  coa l .  
examine the  r e a c t i o n  pathways o f  t h e  donor so l ven t  t o  assess the  importance of each 
process. 

These two experiments were conducted under s i m i l a r  cond i t i ons  except f o r  
The experiments were 

% 3 H values a r e  a l s o  shown i n  Tab le  1. W i l e  i n  p rev ious  hydrogenation experiments 

i s  t he  2Hx/ 9 H r a t i o ,  and t h e  E10 HS 1 H  percentage o f  11% i s  t h e  1HXI1H r a t i o .  The 

nducted w i t h o u t  a donor so l ven t  

i t  i s  wor thwh i l e  t o  
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F igu re  1 i s  a summary o f  t h e  most probable chemical r e a c t i o n s  o f  t h e  donor sol-  
T e t r a l i n  can be hydrogenated t o  form vent, t e t r a l i n ,  under l i q u e f a c t i o n  cond i t i ons .  

deca l i ns ,  dehydrogenated t o  form naphthalene, o r  rearranged t o  form methyl indan. 
t h e  compounds shown i n  F igu re  1 except  methy l indan were de tec ted  i n  t h e  spent so l ven t  
from E10. F igu re  2 i s  t he  p ro ton  NMR spectrum o f  t h e  spent so l ven t .  T e t r a l i n ,  naph- 
tha lene,  and d e c a l i n  abso rp t i on  peaks a r e  ev iden t .  

occur w i t h  t h e  format ion o f  so l ven t  r a d i c a l  i n te rmed ia tes  which can accept  o r  donate 
hydrogen atoms; the re fo re ,  i n  F igu re  1 each r e v e r s i b l e  r e a c t i o n  can be d i v i d e d  i n t o  a 
number of stepwise a d d i t i o n s  o r  removals o f  hydrogen r a d i c a l s .  The i n i t i a l  stage o f  
t h e  dehydrogenation o f  t e t r a l i n  t o  naphthalene i s  expanded i n  F i g u r e  3 t o  i nc lude  each 
hydrogen atom t r a n s f e r  pathway. The dihydronaphthalenes a r e  shown as p o s s i b l e  i n t e r -  
mediates i n  t h e  format ion of naphthalene. The pathway o f  donat ion o f  hydrogen by 
t e t r a l i n  r e q u i r e s  t h e  a b s t r a c t i o n  o f  a-  and P-hydrogens by coal  o r  gas phase products, 
and Reactions 1 and 2 i n  F i g u r e  2 show the  main pathways o f  hydrogen a b s t r a c t i o n .  The 
q u a n t i t i e s  of hydrogen i n  t h e  spent so l ven t  can be sub t rac ted  from t h e  hydrogen i n  the  
s t a r t i n g  so l ven t  t o  determine t h e  n e t  donation. 

t i o n  of E10 and E19. These da ta  have been examined t o  fo rmu la te  a mechanism o f  
i s o t o p i c  exchange. 
composi t ion and i n c o r p o r a t i o n  by s t r u c t u r a l  p o s i t i o n  was determined by NMR spect rometry  
w i t h  an i n t e r n a l  q u a n t i t a t i v e  standard. I n  E10, the  e x t e n t  o f  hydrogen dona t ion  t o  the 
coal  can be c a l c u l a t e d  from t h e  fo rma t ion  o f  naphthalene co r rec ted  by t h e  amount o f  
hydrogen used i n  the  fo rma t ion  o f  deca l i ns  (Table 4 ) .  I t  i s  a l s o  shown i n  Table 4 t h a t  
i n  a d d i t i o n  t o  t h e  donor mechanism, considerable i s o t o p i c  exchange occurred between the 
t e t r a l i n - d l 2  and coal ;  17.2 atom % o f  t h e  deuter ium i n  the  s o l v e n t  was exchanged. 
T e t r a l i n  con ta ins  f o u r  hydrogen atoms i n  each of t h r e e  chemica l l y  d i f f e r e n t  p o s i t i o n s :  
aromat ic  (Har), a lpha (Ha) and beta (HP) hydrogens. O f  t h e  17.2 atom % rep laced  by 
protium, 66% o f  t he  p ro t i um r e s i d e d  i n  t h e  Ha, 23% i n  Hp and 11% i n  Ha, p o s i t i o n .  E19 
shows a s i m i l a r  e f fec t .  
t e t r a l i n - d l 2 ,  and t h i s  i n d i c a t e s  t h e  predominant pathway o f  hydrogen exchange i s  
React ion 1. The f a c t  t h a t  t h e  a - r a d i c a l  has g r e a t e r  resonance s t a b i l i z a t i o n  than the  
p - r a d i c a l  a l s o  supports t h e  cho ice  o f  React ion 1 as t h e  predominant pathway. 
be noted t h a t  t h e p - r a d i c a l  can i n t e r c o n v e r t  t o  the  a - r a d i c a l  by a 1.2-hydroqen s h i f t .  

An eva lua t i on  o f  t he  data on t h e  fo rma t ion  o f  naphthalene-d from t e t r a l i n - d 1 2  
(donat ion)  and p ro t i um i n c o r p o r a t i o n  i n t o  t e t r a l i n - d l  
expcriment E10 donat ion took  p lace  t o  approx imate ly  t i e  same e x t e n t  as d i d  exchange. 
According t o  t h e  i nd ioa ted  mechanism (F igu re  3) n o t  o n l y  ;hydrogen dona t ion  b u t  a l s o  
hydrogen exchange via t h e  a - r a d i c a l  of t h e  t e t r a l i n  can have a s i g n i f i c a n t  r o l e  i n  
s t a b i l i z i n g  t h e  p r imary  f r e e  r a d i c a l  s t r u c t u r e s  which fo rm by thermal decomposit ion o f  
t h e  c o a l .  

A l l  o f  

I n  a hydrogen donor reac t i on ,  t h e  l i q u e f a c t i o n  process i s  g e n e r a l l y  assumed t o  

Table 4 summarizes t h e  composi t ion o f  t h e  donor s o l v e n t  be fo re  and a f t e r  comple- 

The d i s t i l l e d  spent so l ven t  was separated by GC, and the i s o t o p i c  

Spec i f i c  p ro t i um i n c o r p o r a t i o n  occurs i n  t h e  Ha p o s i t i o n  o f  

I t  should 

(exchange7 showed t h a t  i n  

Table 1 inc ludes  t h e  da ta  o f  an e x t r a c t i o n  experiment (E21) conducted w i t h  naph- 
thalene-d8 and n i t r o g e n  as cover  gas. 
hydrogen t a k i n g  p lace  du r ing  a so l ven t  e x t r a c t i o n  experiment i n  t h e  absence o f  a donor 
so l ven t .  I n  &he experiment, coal  and naphthalene-d w i t h  a cover  gas of n i t r o g e n  were 
heated a t  380 C f o r  1 hour. The so l ven t  and coa l  ppoducts were analyzed f o r  deuter ium 
l o s s  and inco rpo ra t i on ,  respec t i ve l y .  
spent naphthalene-d8 i s  shown i n  Table 5. The s a r t i n g  naphthalene l o s t  4 atom % 2H, 

t h e  Ha p o s i t i o n  o f  naphthalene exchanged more o f  i t s  deuter ium w i t h  t h e  coa l  than the  
HP p o s i t i o n .  Th is  experiment w i l l  be discussed i n  terms o f  t h e  chemis t r y  o f  hydrogen 
t r a n s f e r  between so l ven t  and coal .  

Th i s  experiment i n v e s t i g a t e d  t h e  t r a n s f e r  o f  

The i s o t o p i c  composi t ion o f  t h e  s t a r t i n g  and 

and t h e  combined coal  products  gained 11 atom % 8 H. I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  

, 
I n  summary, coal  hydrogenation and e x t r a c t i o n  experiments conducted w i t h  deuterated 

I 

1 
t e t r a l i n  an2 naphthalene have been discussed. With t h e  use o f  t he  deuter ium t r a c e r  

157 



method, deuterlum i n c o r p o r a t i o n  was found i n  s p e c i f i c  s t r u c t u r a l  p o s i t i o n s  o f  t h e  s o l -  
ven t  and s o l u b l e  coa l  products .  The method has p rov ided  i n s i g h t  i n t o  the  mechanism of 
hydrogen t rans fe r .  

ACKNOWLEDGMENT 

This  research was suppor ted by t h e  U . S .  Department o f  Energy under Contract  
EF-77-C-01-2781. 

1. 

2. 

3. 

4. 

5. 

6. 

1 REFERENCES 

G. R. Pastor ,  J. M. Angelov ich and H. F. S i l v e r ,  I nd .  Eng. Chem., Process Des. 
and Develop. 9 (4)  609 (1970). 

N. P. Cochran, S c i e n t i f i c  American 234 (5)  24 (1976). 

K. R. Brower, Fuel 56 (3 )  245 (1977). 

I .  Schwager and T. F. Yen, Fuel 

R.. P. Skowronski, L. A. Heredy and J. J. Ratto,  P r e p r i n t s  ACS Fuel D iv i son  23 
( 4 )  155, Miami (Sept., 1978). 

R. P. Skowronski, J. J .  R a t t o  and L. A .  Heredy, "Deuterium Tracer  Method f o r  
I n v e s t i g a t i n g  t h e  Chemist ry  o f  Coal L ique fac t i on , "  Annual Report, 1977, Rockwell 
I n t e r n a t i o n a l ,  Canoga Park, C a l i f o r n i a ,  Report FE-2328-13, pp. 53-56. 

(2)  (1978). 

737-F. 76 158 



TABLE 1 

SUMMARY OF EXPERIMENTAL CONDITIONS AND PRODUCT YIELDS 

EXPERIMENTAL CONDITIONS 

Parameter E l  0 E l  9 E21 

Cover Gas D2 'j2 

Sol ven t  t e t r a l i n - d 1 2  t e t r a 1  in-dl naphthalene-dg 

Coal Weight (9 )  25 25 25 

So lvent  Weight (9 )  25 25 25 

Reactor Volume (1 i t e r )  0.25 1 .o 1 .o 
S t i r r i n g  Rate 
Rocking Rate 

React ion Time 

Cold Pressure 
N2 ( p s i )  

100 osc/mi n 100 rpm 100 rpm 

1 .o 1 .o 1 .o 

1200 1000 1000 

Operat ing Pressure ( p s i )  3000 2200 2200 

Temperature (OC) 400 400 400 

SOLVENT-FRACTIONATION PRODUCTS 

Weight % Atom % 2H * 

Products E l  0 E l  9 E l  0 E19 E21 

O i l  (HS) 16 17 38 52 11* 

Asphal tene (6s)  32 10 45 43 

Benzene-methanol 
So lub le  (BMS) 8 2 35 38 

Benzene-methanol 
I n s o l u b l e  (BMI) 44 71 37 61 

* 
An average value o f  the  combined coal  products.  
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TABLE 2 

'H AND 'H NMR ANALYSES OF PRODUCT FRACTIONS 

%1H 

HS BS BMS 

11 12 6 

40 23 20 

26 25 26 

23 40 48 

Func t iona l  
Region 

- 
%2H 

HS BS BMS 

7 8  7 

20 14 16 

44 42 41 

29 36 36 

7-A1 kyl 

P-A1 k y l  

CY-A1 k y l  
+ Aromat ic  

I ,  

Func t iona l  
Region 

7-A1 k y l  

P-A1 kyl 

a-Al  k y l  

Aroma t i c '  

* 

E-19 

H 

HS BS BMS 

9 17 8 

31 33 15 

20 16 33 

40 34 44 

%2H 

HS BS* BMS 

5 - 4 

17  15 

40  - 50 

38 - 31 

Sample s i z e  was t o o  small f o r  ana lys i s .  
Aromat ic  r e g i o n  conta ins pheno l i c  absorbances. 
t 
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TABLE 3 
COMPARISON OF DEUTERIUM AND PROTIUM DISTRIBUTION 

I N  E10 AND E19 LIOUEFACTION PRODUCTS 

( 2 H x / 2 H ) / (  'HX/'H) Ratio1 

Funct ional  E10 E 19 
Region HS BS BMS HS BStt BMS 

7- A1 k y l  0.6 0.7 1.2 0.6 0.5 

p- A1 k y l  0.5 0.6 0.8 0.5 1.0 

a- A l k y l *  1.7 1 .7  1.6 2.0 1.5 

Aromatic** 1.3 0.9 0.5 1.0 0.7 

TEstimated e r r o r :  tO.1 2 * Inc ludes 01 - a l k y l  r e g i o n  
**Includes pheno l i c  r e g i o n  ttSample s i z e  was t o o  smal l  f o r  a n a l y s i s  

TABLE 5 

ISOTOPIC COMPOSITION OF HYDROGEN TRANSFER SOLVENT 

STARTING SOLVENT SPENT SOLVENT 

Naphthalene-d8 Naphthalene-d8 

98.5 atom % D 94.6 atom % D 

Ha 59% Ha 78% 

Hp 41% Hp 22% 

I 737-F. 76 
161 



TABLE 4 

ISOTOPIC COMPOSITION OF DONOR SOLVENTS FROM E10 AND E19 

STARTING SOLVENT 

T e t r a l  i n  94 mole % 
Naphthalene 6 mole % 

STARTING SOLVENT 

T e t r a l  i n-dl 
97.2 atom % D 

E10 COMPOSITION 

SPENT SOLVENT 

T e t r a l i n  70 mole % 
+ Naphthalene 28 mole % 

--decalin 1 mole % 

- Cis-decal i n  1 mole % 

E10 ISOTOPIC DISTRIBUTION 
SPENT SOLVENT 

: T e t r a l i n - d 1 2  Ha 66% 'H 
Hs 23% 'H 
Ha, 11% 'H 

80.0 atom % D 

E19 COMPOSITION 
STARTING SOLVENT 

T e t r a l i n  99 mole % 

STARTING SOLVENT 

T e t r a l  in-d12 
99.0 atom % D 

SPENT SOLVENT 

T e t r a l i n  58 mole % 
Naphthalene 22 mole % 
T rans -deca l i n  4 mole % 
- Cis-deca l i n  1 6  mole % 

* 

E19 ISOTOPIC DISTRIBUTION 
SPENT SOLVENT - Tet ra l i n -d12  H i  64% 'H 

H6 24% 'H 
Ha, 12% 'H 

91.6 atom % D 
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INTRODUCTION 

Fundamental s tud ies  on the  chemist ry  o f  coal  l i q u e f a c t i o n  have shown 
t h a t  t h e  s t r u c t u r e  o f  s o l v e n t  molecules can determine t h e  na tu re  o f  l i q u i d  y i e l d s  
t h a t  r e s u l t  a t  any p a r t i c u l a r  s e t  o f  r e a c t i o n  cond i t i ons .  One approach t o  under- 
s tanding t h i s  chemist ry  i s  t o  l i q u e f y  coal us ing  we l l -de f i ned  so l ven ts  or to study 
reac t i ons  o f  so l ven ts  w i t h  pure compounds which may rep resen t  bond types t h a t  are 
l i k e l y  present i n  coal ( 1 ) .  It i s  pos tu la ted  t h a t  coal  l i q u e f a c t i o n  i s  i n i t i a t e d  
by thermal a c t i v a t i o n  t o  form f r e e  r a d i c a l s  which a b s t r a c t  hydrogen from any 
r e a d i l y  a v a i l a b l e  source. The so l ven t  may, theref-ction as a d i r e c t  source 
o f  hydrogen (donor ) ,  i n d i r e c t  source o f  hydrogen (hydrogen- t ransfer  agent) ,  or may 
d i r e c t l y  r e a c t  w i t h  t h e  coal  (adduct ion) .  The actual  r o l e  o f  so l ven t  thus becomes 
a s i g n i f i c a n t  parameter. 

E a r l i e r  s t u d i e s  have measured the r e a c t i v i t y  o f  bo th  hydrocarbon ( 1 )  and 
non-hydrocarbon ( 2 )  acceptors  w i t h  good donor so l  vents  ( t e t r a 1  i n, hydrophen- 
anthrenes), and poor donors (mes i t y lene ) .  Although t h e  pr imary r o l e  o f  so lvents  
was observed t o  be the  s t a b i l i z a t i o n  o f  acceptor r a d i c a l s ,  apprec iab le l e v e l s  o f  
s o l v e n t  rearrangement ( i s o m e r i z a t i o n ) ,  po lymer izat ion,  and adduct ion a l s o  
occu r re  Herein, these aspects o f  so lvent  chemist ry  have been pursued w i t h  the 
use of ‘jC l a b e l i n g  techniques t o  understand the s p e c i f i c  reac t i ons .  

EXPERIMENTAL 

The exper imenta l  procedure to c a r r y  o u t  t h e  so lvent-acceptor  reac t i ons  

S p e c i f i c a l l y  l a b e l e d  13C-octahydrophenanthrene was synthes ized by 

has been descr ibed e a r l i e r  ( 1 , Z ) .  

Dr.  E. J.  Eisenbraun, d e t a i l s  o f  which w i l l  be descr ibed elsewhere. 

REACTIVITY OF HY DROAROMATICS 

Background 

Due t o  the  r e l a t i v e  ease and r e v e r s i b i l  i t y  o f  hydrogenation-dehydrogen- 
a t i o n  of hydroaromat ics,  t hey  have been used ex tens i ve l y  e i t h e r  as a so r e or 
agent for p l a c i n g  hydrogen i n  hydrogen-def ic ient  species, such as coal .I3! The 
assumption has f requen t l y  been made t h a t  hydroaromatics i n  the  so l ven ts  used f o r  
t h i s  purpose conta ined the  ( i d e a l )  six-membered r i n g  wh i l e  l i t t l e  e f f o r t  has been 
d i r e c t e d  t o  de te rm in ing  t h e  i somer i c  forms. It i s  known t h a t  methyl indanes are 
e s s e n t i a l l y  s t a b l e  to hydrogen- t ransfer  as compared t o  t e t r a l i n .  Due to d i f f i c u l -  
t i e s  i n  adequately measuring the  concen t ra t i ons  o f  i somer i c  s t ruc tu res ,  t he  above 
assumption may n o t  be t y p i c a l l y  Val i d .  
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T e t r a l i n  has been shown to undergo thermal dehydrogenation t o  naphtha- 
l ene  and rearrangement t o  methyl indane i n  e i t h e r  t h e  absence o r  presence of f r e e  
r a d i c a l s  (1) .  This i m p l i e s  t h a t  i t  may n o t  be v a l i d  t o  assume t h a t  hydrogen 
t r a n s f e r  w i l l  be q u a n t i t a t i v e  even i n  the  presence o f  a l a r g e  excess o f  donor s o l -  
vent. Sym-octahydrophenanthrene (H8Ph) would be expected to f o l l o w  t h e  same 
rearrangement-dehydrogenation r e a c t i o n s  as t e t r a 1  i n ,  except wi th more isomer and 
p roduc t  p o s s i b i l i t i e s  ( see  F igu re  1) .  
b r i e f l y  discussed. 

The k i n e t i c s  o f  these r e a c t i o n s  w i l l  be 

STRUCTURAL FEATURES OF HYDROPHENANTHRENES 

The i n i t i a l  i n d i c a t i o n  t h a t  hydrophenanthrenes isomer ize was the  
obse rva t i on  o f  numerous GLC peaks w i t h  i d e n t i c a l  pa ren t  i ons  b u t  d i f f e r e n t  
fragment i ons  i n  t h e i r  mass spectra. Compounds wi th  methyl s u b s t i t u e n t s  
always have more i n tense  Mt-15 i ons  than those w i t h  unsubs t i t u ted  six-membered 
r i n g s .  Considering the complex i ty  o f  t h e  t o t a l  r e a c t i o n  m ix tu res ,  l i q u i d  
ch ro  
f o r  "C-NMR study. 

isomer ic  octahydrophenanthrenes. 
cussed e a r l i e r  (4) .  The appearance o f  new s i g n a l s  a t  29 t o  21.3 ppm i s  
i n d i c a t i v e  o f  methyl groups i n  a v a r i e t y  o f  p o s i t i o n s  on sa tu ra ted  r i n g s  and 
a r e  n o t  present  i n  Sym-HgPh. 
a t i v e  o f  five-membered r i n g s  being formed a t  t he  expense o f  t he  e i g h t  hydro- 
aromat ic  carbons i n  the six-membered r i ngs .  
approx imate ly  14 ppm i n d i c a t e s  t h a t  r i n g  opening t o  a n-buty l  s u b s t i t u e n t  d i d  
n o t  occur. 

tography (HPLC) was used t o  concentrate more d i s c r e t e  s o l v e n t  f r a c t i o n s  

F igures 2 and 3 show t h e  p a r t i a l  13C-NMR spect ra o f  two monoaromatic 
The assignments f o r  Sym-HgPh have been d i  s- 

The new s i g n a l s  between 30 and 35 ppm a r e  i n d i c -  

The absence o f  a sharp l i n e  a t  

When an acceptor  i s  present, t h e  s o l v e n t  

(10% 1 3 C ) .  The presence o f  a l a b e l  p rov ided  use fu l  c lues  as t o  t h e  r e a l  com- 
p l e x i t y  o f  t h e  s t r u c t u r e s  and pathways f o r  t h e i r  formation. 
separated by several l i q u i d  chromatographic steps i n  seven major f r a c t i o n s ,  
a r b i t r a r i l y  designated A through G, and analy fgd by k N M R ,  mass spectrom- 
e t r y ,  u l t r a v i o l e t  spectroscopy. The p a r t i a l  C-NMR s t i c k  spec t ra  a re  shown 
i n  F i g u r e  4 where the  l a b e l  appears as an i n tense  broken l i n e .  
t r a t e s  some o f  the mass spec t ra l  data o f  these f r a c t i o n s .  The "bes t  f i t"  
s t r u c t u r e s  deduced fran these data w i l l  be discussed. 

oducts a re  more com- 
p lex.  Reactions were, t he re fo re ,  performed w i t h  1- P5 C-octahydrophenanthrene 

The products  were 

Table 1 i l l u s -  

Solvent  Adduction 

The primary r e a c t i o n  between good donor so lvents ,  such as t e t r a l i n  
and octahydrophenanthrene, and acceptors  can g i ve  r a t h e r  i d e a l  p roduc ts  (ex.  
dibenzyl+ to luene i n  400-450°C range). However, when poor  so l ven ts  a r e  
i n t roduced  secondary r e a c t i o n s  become q u i t e  impor tan t  (ex. mesitylene-> 
polymers). 

When reac t i ons  w i t h  oxygen-containing acceptors  a r e  p e r f o n e d  i n  the 
300-400'C reg ion,  t h e  format ion o f  so l ven t  adducts occurs e q u a l l y  we l l  w i t h  
t e t r a l i n  and mesitylene. F igu re  5 shows a t y p i c a l  GLC curve f o r  p roduc ts  from 
the  r e a c t i o n  o f  benzyl a lcohol  and t e t r a l i n .  These r e a c t i o n s  were a l s o  done 
w i t h  D 4 - t e t r a l i n  which pe rm i t ted  the  f i r m  i d e n t i f i c a t i o n  o f  t he  s o l v e n t  i n  the 
adduct. It i s  noted t h a t  severa l  isomers o f  t o l u e n e - t e t r a l i n ,  as we l l  as d i -  
t e t r a l i n ,  were formed. Representat ive concentrates o f  t o t a l  adducts were 
prepared by HPLC and GPC techniques which p e r m i t t e d  t h e i r  d i r e c t  s tudy by NMR, 
MS, and s e l e c t i v e  react ions.  
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These a n a l y s i s  i n d i c a t e d  t h a t  a t  l o w  temperatures f r e e  r a d i c a l  l i f e -  
t imes can be reasonably  long, thereby p e r m i t t i n g  compe t i t i on  between H' and C' 
f o r  s t a b i l i z a t i o n .  
t h i s  compet i t ion:  

The f o l l o w i n g  equat ions i l l u s t r a t e  one rep resen ta t i on  o f  

The benzyl f r e e  r a d i c a l s  can a b s t r a c t  hydrogen atoms l e a v i n g  a carbon f r e e  
r a d i c a l  which has t h e  a b i l i t y  t o  combine wi th  another benzyl r a d i c a l .  As t h e  
r e a c t i o n  proceeds, concen t ra t i ons  o f  bo th  f r e e  r a d i c a l s  increase, c r e a t i n g  a 
g rea te r  p r o b a b i l i t y  o f  adduction. Numerous a n a l y t i c a l  data show inc reas ing  
concen t ra t i on  o f  adducts  w i t h  r e a c t i o n  t ime and w i t h  i nc reas ing  concen t ra t i on  
o f  acceptor. 

I t  appears t h a t  t h e  fo rma t ion  o f  benzyl t e t r a l i n  on l y  occurs du r ing  
t h e  hydrogen t r a n s f e r  r e a c t i o n s  a t  l ow  temperatures (<400"C). 
occurs as shown above, a c e r t a i n  degree o f  "depolymer izat ion"  cou ld  be 
achieved by i s o l a t i n g  t h e  adduct f r a c t i o n  and r e a c t i n g  i t  w i t h  f resh  t e t r a l i n  
a t  450°C. From t h e  p rev ious  s tud ies  w i t h  d ibenzy l ,  diphenylbutane, and 
phenylhexane, one would p r e d i c t  t h a t  cleavage would occur  a t  450°C as fo l l ows :  

I f the adduct 

When t h i s  was done, l e s s  than 50% o f  t h e  adduct "depolymerized." 
The remainder d i d  n o t  reac t .  The remaining adducts had the same molecular  

h - N M R  showed t h a t  s i g n i f i c a n t  rearrangement had occurred. 
i g h t  b u t  much l a r g e r  I@-15 i o n s  i n d i c a t i n g  the presence o f  a methyl group. 

The f o l l o w i n g  s t r u c t u r e s  were deduced from the NMR spectra: 

1 ~ 3 9  ppm 

b 
' 34 ppm 

i H 3  ( b )  
21 ppm 



The st rong l i n e  a t  30.0 ppm i n  bo th  spect ra i n d i c a t e s  t h a t  t h e  s i x -  
membered r i n g  i s  i n t a c t  and t h a t ,  when c e r t a i n  p o s i t i o n s  a re  s u b s t i t u t e d  by 
benzyl groups, they r e s i s t  cleavage. 
4 1  ppm disappear upon hea t ing  a t  450°C suggests t h a t  those p a r t i c u l a r  s t r u c -  
t u r e s  are cleaved ( u n l i k e l y  i f  they a re  i n  a five-membered r i n g )  o r  rearranged 
t o  a more s t a b l e  form. 
a l s o  present  as r e a c t i o n  products  conf i rms t h a t  isomer ( a )  i s  p resen t  and t h a t  
it can s t i l l  f unc t i on  as a donor a f t e r  adduction. 

The f a c t  t h a t  l i n e s  a t  38, 39, and 

F i n a l l y ,  t h e  obse rva t i on  t h a t  benzyl naphthalenes a r e  

I 

The adduct ion r e a c t i o n s  discussed a re  n o t  l i m i t e d  t o  benzy l - type 
r a d i c a l s  nor  t o  t e t r a l i n  so lvents .  
t h i o e t h e r  acceptors and donor so l ven ts  i n c l u d i n g  dimethyl t e t  l i n ,  octahydro- 

been used t o  prov ide f u r t h e r  c o n f i r m a t i o n  t h a t  t he  so l ven t  was inco rpo ra ted  i n  
adducts. 

CONCLUSIONS 

They have been observed w i t h  l o n g  c h a i n  

phenanthrene, and te t rahyd roqu ino l i ne .  Donors us ing a D o r  FS C l a b e l  have 

I m p l i c a t i o n s  t o  Coal L i q u e f a c t i o n  

qual i ty  . 
1. 

2. 

3. 

4. 

5. 

.6 * 

7. 

8. 

Numerous imp1 i c a t i o n s  on the  fundamental chemist ry  o f  coal  1 i quefac- 
t i o n  can be drawn from the observed r e a c t i o n  o f  so l ven t  i somer i za t i on  and 
adduction. The l i t e r a t u r e  i n d i c a t e s  t h a t  r e c y c l e  so l ven ts  from most coal  
l i q u e f a c t i o n  processes c o n s i s t  o f  2 t o  3 aromat ic  r i n g s  w i t h  va r ious  degrees 
o f  sa tu ra t i on ,  n o t  u n l i k e  the  model so l ven ts  s tud ied.  I n  t h i s  system, h i g h  
l e v e l s  o f  e f f e c t i v e  hydrogen donors can rearrange t o  isomers hav ing poor donor 

The f o l l o w i n g  s p e c i f i c  p o i n t s  are noted: 

The i somer i za t i on  o f  hydroaromatic donor so l ven ts  i s  a general 
phenomenon. 

The r a t e  o f  rearrangement appears to be f i r s t  order  wi th  r e s p e c t  
t o  donor so l ven t  concentrat ion.  
t e t r a l i n  r e a c t i o n  i s  i n  the  range o f  26-32 Kcal/g-mole, depending 
upon whether a f r e e  r a d i c a l  precursor  i s  present  o r  not.) 

The r a t e  o f  i somer i za t i on  increases w i t h  i nc reas ing  number o f  
hydroaromatic r i ngs .  

The r a t e  o f  rearrangement i s  increased by o rde r  o f  magnitude when 
f r e e  r a d i c a l s  a re  present. 

A l l  so lvents  have the  c a p a b i l i t y  o f  becoming i r r e v e r s i b l y  
adducted by acceptor  f r e e  r a d i c a l s  which cou ld  a r i s e  from t h e  
coal .  

The presence o f  oxygen and s u l f u r  f unc t i ons  on the  f r e e  r a d i c a l s  
w i l l  enhance adduction. Adduction i s  a l s o  enhanced by l o n g  
r e a c t i o n  t imes and low temperatures (<400"). 

A t  h igh  temperatures (>400'C), adducts are most l i k e l y  t o  i n v o l v e  
on ly  poor donor so lvents ;  h i g h  temperatures w i l l  n o t  n e c e s s a r i l y  
c leave adducts formed a t  low temperatures. 

Solvent  i somer i za t i on  c rea tes  a bas i c  problem i n  f o l l o w i n g  t h e  
progress o f  l i q u e f a c t i o n ,  namely, measuring t h e  amount o f  
t r a n s f e r r e d  hydrogen. While i t  i s  p o s s i b l e  t o  measure t h e  l e v e l  
o f  " t r a n s f e r a b l e  hydrogen" (hydroaromat ic  six-membered r i n g  

(The a c t i v a t i o n  energy o f  t h e  
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hydrogen) i n  t h e  feed, recyc le ,  o r  product  l i q u i d s  by 13C-NMR 
(5 ) ,  t h e  p resen t  s tudy suggests t h a t  i t  i s  n o t  poss ib le  t o  
i s o l a t e  t h e  p o r t i o n  c o n t r i b u t i n g  t o  hydrogen t r a n s f e r  alone. 
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la. Cronauer, D.C., Jewel l ,  D.M., Shah, Y.T., Kueser, K.A., & 
Eng. Chem. Fund. ( t o  be i ssued  November, 1978). 

C o l l i n s ,  C.J., Fuel 57, 269 (1978). 
l b .  Benjamin, B.M., Raaen, V.F., Maupin, P.H., Brown, L.L., and 

2, -Cronauer, D.C., Jewe l l ,  D.M., Shah, Y.T., Modi, R.J., "Mechanism 
- and K i n e t i c s  o f  Selected Hydrogen Transfer  Reactions Typica l  o f  

Coal L ique fac t i on , "  paper submi t ted t o  Ind. Eng. Chem. Fund., 
1978. 

3a. Ruberto, R.G., Cronauer, D.C., Jewel l ,  D.M., Seshadri, K.S., 9 
- 56, 17 (1977). 

3b. Ib id . ,  25 (1977) 

4. Seshadri,  K.S., Ruberto, R.G., Jewel l ,  D.M., Malone, H.P., 
- 57, 111 (19781. 

5. Ib id . ,  549 (1978). 

170 



v) v ) h  
0 -  00 
I v )  I O  3 n 3 . - (  

PI- PI- 

- 

h m o  l n h  m 
30 30 “ h  
I - I O  I-n 

P I v r - d r D  
PI- PI- 

3n 

0 -  
I N  PI- 

c o n  
Nr. 
I *  PI- 

m -  
3 m  on 
PI- 

h 

0 0 
P I 3  - 

n 

3 * -  
I v )  “ 3  

n- 

m h  
NO, I r D  PI- 

L n h  m h  
“r. “0 
I N  I O  

PI- - 3 
PI- 

h 
O h  
0 “ N  a 2  PIZ 

n n o  a -  - 
h 

n N N  

PI- 

W P  

“ h  

9 0  
I n  PI- 

m -  
N O D  

I r .  a- 

m -  3 m  I 3  

a- 

h 

0 
0 PI- - 

0 

O h  h C  w u  
X E  Crn  Cdc 

O h 0 1  
h U C  

1 6  

z z a  

m -  
N O  I Y )  

PI- 

m -  

l e  fi- 
- m  

‘I 
171 



a 
t- 
W + 

W z 
w 

I 
I- 
2 
a 
z 
W 
I 
a 
0 
a 
0 > 
I 
a 
I- 
W 
I- 
LL 
0 
v) a 
W 
z 
0 
v, 

a 

a qi) 

W 

W 
z 

I 
I- 
2 

a 

a 
0 a 
0 > 
I 
a 
I- o 
0 

W 
I + a 

0 
v) + U 

N + 

172 



173 





c 
. II I 1 I 11. 

A 

B 

C 

D 

E 

F 

C 

6 0  5 0  4 0  3 0  2 0  10 

Figure 4: '3C-NMR Spectra of Hydrophenanthrenes: 
Saturate Region 

175 



FIGURE 5: GAS-LIQUID CHROMATOGRAM O F  PRODUCTS 
FROM BENZYL ALCOHOL-TETRALIN REACTION 
AT 40OoC 
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TAR YIELD IN THE OXY FLASH PYROLYSIS PROCESS, K. Durai-swamy, S.C. Che, 
N . W .  Green, E.W. Knell and R.L. Zahradnik. Occidental Research Corporation, 
2100 S.E.  Main, Irvine, California 92714. 

I n  the Oxy Flash Pyrolysis process, (formerly known as Garrett Flash Pyrolysqs 
Process) coal i s  heated by d i rec t  mixing with circulating hot char and the t a r  yield 
is  found to  be greatly reduced by the presence of char. 
creased by using reactive c a r r i e r  gases such a s  steam and  CO . The t a r  y ie ld  from 
a subbituminous coal in  the ORC flash pyrolysis process was f i r s t  detennined using 
an electrically-heated bench scale  reactor (BSR) where nitrogen was used a s  the coal 
t ranspor t  gas. Later, the t a r  yield was found t o  decrease when char was used f o r  
heating in  a 3 TPD process development u n i t  (PDU). 
t a r  vapor adsorbed on the char surface, condensed and cracked to  form coke and gas. 
Further i t  was proposed to  use reactive transport gases such as C02, H20, CO and H2 
to inhibi t  the char surface by adsorption and reduce the t a r  disappearance. I t  was 
experimentally found that  the t a r  y ie ld  increased when reactive t r a n s p o r t  gases were 
used along with the char heating mode. 
Hamilton bituminous coal were obtained in the POU. PDU and BSR resul ts  will be 
reported. 

The t a r  yield can be in- 

I t  was hypothesized that  the 

High t a r  yields of over 35 M4F w t .  X from 

I 
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INVESTIGATION OF ALBERTA OIL SAND ASPHALTENES 
USING THERMAL DEGRADATION REACTIONS 

T. Ignasiak, T.C.S. RUO and O.P. Strausz 

Hydrocarbon Research Centre 
Department of Chemistry 
University of Alberta 

Edmonton, Alberta, Canada T6G 2G2 

INTRODUCTION 

Thermal breakdown reactions directed toward cracking complex molecules into 
low molecular weight products constitute an important part of oil sand technologies 
(1). It is generally accepted that the high asphaltene content of Alberta bitumen 
is primarily responsible for a large proportion of the coke produced by dehydrogen- 
ation and repolymerization reactions that prevail at high temperatures. Moreover, 
asphaltene obtained from the Alberta oil sands contains appreciable amounts of heter- 
atoms, mainly sulfur, oxygen and nitrogen, that tend to be associated with coke pre- 
cursors and as such greatly reduce the marketable value of coke as an energy source. 
However, our previous results (2-6) suggest that the oxygen-based hydrogen bonding 
and sulfide linkages play important roles in the molecular size of the sulfur-rich 
Alberta oil sand asphaltene. These observations are significant because the energy 
requirement for the cleavage of sulfide bonds is generally lower than that required 
for coke formation. We have therefore undertaken a study of the thermal behaviour of 
asphaltene under moderate conditions aimed at high product recoveries and low coke 
yields. 

EXPERIMeNTAL 

The origin of the samples and the preparation of asphaltenes have been described 
(2,3). 
Thermal degradation 

The pyrolysis of asphaltene (1.5 g) was carried out in a vacuum (0.1 torr) 
sealed tube (vol. 40 ml) inserted in a furnace maintained at a preset temperature. 
After the heating period the tube was cooled to -15"C, opened, and the product 
Soxhlet extracted with n-pentane to yield the pentane-soluble (maltene) fraction. 
Subsequent extraction with benzene yielded the benzene soluble (retrieved asphaltene) 
fraction. 

Reduction 

A one gram sample of asphaltene dissolved in 15 ml dry THF was introduced to 
100 ml liquid ammonia, followed by 45 ml of 98% ethanol and then lithium metal (6 g) 
cut into small pieces was gradually added over a period of about 1 hour. The mixture 
was stirred for another 2 hours and finally quenched with 15 ml ethanol. Ammonia was 
allowed to evaporate overnight. The reduced product was recovered by the usual proce- 
dure involving acidification with aqueous HC1, filtration, removal of inorganic salts 
by water extraction, and was then dried in vacua at 60°C for 24 hours. 

Chromatography separation of pentane soluble fractions 

packed with silica gel Woelm (activated overnight at 140T). 
ratio was 1:65 (for elution solvents, see Table 5). TO assure purity of the fractions, 
they were monitored by HPLC on a p-Porasil column using a W detector. 

tive HPLC on a silver aluminum silicate column (column, 6 cm x 0.9 cm (i.d.); solvent, 
heptane; flow rate, 9 ml/min; pressures, -8-900 psi). 

A compound class separation was performed on a glass column, 100 cm x 1 cm (1.d.) 
The sample to solvent 

A clear-cut separation of saturates from olefins was achieved by semiprepara- 
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The molecular weights were determined by vapor pressure osmometry at a nominal 
concentration of 20 mg/ml in benzene. 

RESULTS AND DISCUSSION 

1. Thermal deqradation of asphaltene 

Athabasca asphaltene was heated either at constant temperature for various 
periods of time or at different temperatures for constant time periods (Table 1). 

The yield of the pentane-soluble (maltene) fraction does not seem to increase 
significantly either during prolonged heating or with increasing temperature but high 
temperature leads to coke formation. Volatiles and coke are produced at the expense 
of residual asphaltene. 

The elemental analyses of maltene, residual asphaltene and insoluble residue, 
if any, are given in Table 2. The chemical composition of the maltene fraction does 
not show much variation with either time of heating or temperature; it is more satu- 
rated than the residual asphaltene and distinctly lower in nitrogen content than both 
the original and residual asphaltenes. In the residual asphaltene, the lower H/C 
ratios indicate that aromatization increases with either reaction time or increased 
temperature. The insoluble residue produced at 390°C is the most unsaturated portion 
of pyrolyzed asphaltene and contains the highest concentration of heteroatoms. Under 
the conditions used, the overall desulfurization does not exceed 22% in terms of the 
sulfur present in the parent asphaltene. 

susceptible to cleavage in potassium-THF solution varies for Athabasca, Cold Lake, 
Peace River and Lloydminster asphaltenes. To estimate to what extent these structu- 
ral variations in the Alberta oil sand asphaltenes are reflected in their thermal 
behaviour, these asphaltenes were heated under conditions where thermolysis of the 
Athabasca asphaltene gives optimal conversion and no coke. 

At 3OO0C, after 72 hours, (Table 3 ) ,  all these sulfur-rich asphaltenes retain 
full solubility in benzene. Some variations are, however, indicated by the yield of 
pentane solubles which is the highest for Athabasca and significantly lower for the 
remaining asphaltenes. This roughly corresponds to the decrease in the molecular 
weight of the heated asphaltenes. Desulfurization accounts for up to 15% of the 
original sulfur content and deoxygenation varies from 20 to 40%. 

2. Thermal degradation of reduced asphaltene 

In earlier studies (3,6) it was found that the amount of sulfur in bridges 

According to the previous results, (2,7) depolymerization of asphaltene de- 
pends to a large extent on the cleavage of C-S bonds and thermolysis at 300°C will 
involve only the most unstable ones. Any structural changes in the asphaltene mole- 
cule which would lower the energy of activation for cleavage of the C-S bonds present 
may enhance the degradation under the same conditions. It was therefore of interest 
to investigate the thermal behaviour of asphaltene that had been chemically modified 
by reduction with alkali metals. The reductive systems applied were potassium in 
tetrahydrofuran with naphthalene as a charge transfer catalyst (2) and lithium in 
liquid ammonia in the presence of ethanol. In both cases simple protonation results 
in partial insolubilization which accounts for up to 60% of reduced asphaltene. 

a) Potassium-THF-naphthalene reduced Alberta sulfur-rich asphaltenes 

When heated at 300°C for 72 hours these reduced and protonated asphaltenes 
(Table 4 )  exhibit thermal properties which are distinctly different from those of 
naturally occurring asphaltenes, cf. Table 3. 
tenes became almost fully soluble in benzene; the yield of pentane solubles was 
doubled (except for the case of the Athabasca sample) and the loss of sulfur upon 
conversion was also twice that observed for unreduced asphaltenes. cf. Table 3. The 
overall desulfurization upon reduction and thermolysis, about 50%. is comparable for 
all four asphaltenes. 

Thus thermally treated reduced asphal- 
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b)  Li thium-l iquid ammonia reduced Athabasca asphal tene 

The t r ea tmen t  with l i t h ium i n  l i q u i d  ammonia i n  t h e  presence of  e thanol  en- 
hances t h e  thermal  r e a c t i v i t y  of  Athabasca asphal tene t o  an even l a r g e r  ex ten t  than 
t h a t  with potassium i n  THF. The r a t e  of  conversion i n t o  pentane so lub le s  and desul- 
f u r i z a t i o n  have been found t o  be d i r e c t l y  r e l a t e d  t o  t h e  amount of hydrogen i n t r o -  
duced to  a spha l t ene  on reduct ion.  This again seems t o  depend on the  l i t h ium and 
ethanol  concentrat ions.  The enhanced degree o f  hydrogenation of asphal tene i n  the  
presence of e thano l  i s  appa ren t ly  due t o  t h e  f a c t  t h a t  e thano l  a s  a proton source i s  
more a c i d i c  than ammonia and f a c i l i t a t e s  t h e  reduct ion of aromatic systems such a s  
benzene d e r i v a t i v e s  having high negat ive r educ t ion  p o t e n t i a l s .  

The r e s u l t s  (Table 4) show t h a t  a t  3 0 0 T  l i t h ium reduced Athabasca asphal tene 
yielded close t o  50% of pentane so lub le s ,  and t h e  s u l f u r  content  was depleted by 
about  50%. 
t h e  reduced and hea ted  a spha l t ene  is more favorable  than i n  t h e  o r i g i n a l  asphal tene.  
The conversion r a t e  i s  d i s t i n c t l y  higher  t h a n  i n  t h e  case of  potassium-THF p r e t r e a t -  
ment and comparable wi th  t h a t  obtained i n  t h e  case  of  t h e  t e t r a l i n  r eac t ion  a t  39O0C 
(7). 

pared to  t h e  o r i g i n a l  asphal tene and r e f l e c t e d  by apprec iab le  conversion and desul- 
f u r i z a t i o n ,  i s  r e l a t e d  t o  t h e  cleavage of carbon-sulfur  bonds and t o  p a r t i a l  s a tu ra -  
t i o n  of double bonds. This  leads t o  t h e  formation of  thermally unstable  t h i o l s  which 
a r e  e a s i l y  removed a t  temperatures a s  l o w  a s  300'C. 

3. Cha rac t e r i za t ion  of t h e  pentane-soluble f r a c t i o n  obtained from thermal 

I t  is i n t e r e s t i n g  t o  note  t h a t  t h e  proport ion of  hydrogen t o  carbon i n  

I t  i s  appa ren t  t h a t  t h e  high thermal r e a c t i v i t y  of  reduced asphal tenes  as com- 

degradat ion o f  Athabasca asphal tene 

The apprec iab le  y i e l d s  and r e l a t i v e l y  low molecular weights of t h e  pentane 
so lub le  f r a c t i o n s  obtained from thermal t reatments  of  asphal tene make them amenable 
t o  chromatographic sepa ra t ion .  The pentane-soluble products of Athabasca asphal tene,  
pyrolyzed n e a t  a t  300' and 39OoC, and i n  t h e  presence of  t e t r a l i n  a t  39OoC, and of  
l i t h ium reduced and pyrolyzed asphal tene a t  3OO0C, have been separated i n t o  compound 
c l a s s e s  on s i l i c a  g e l .  The r e s u l t s  (Table 5) i n d i c a t e  t h a t  t h e  y i e l d s  of s a t u r a t e s  
and aromatics i n c r e a s e  with inc reas ing  temperature of  thermolysis  a t  t h e  expense of 
t h e  po la r  I and p o l a r  I1 f r a c t i o n s .  S i g n i f i c a n t l y ,  pretreatment  w i t h  l i t h ium i n  
l i q u i d  ammonia i n  t h e  presence of e thano l  promotes t h e  formation of s a t u r a t e s  and 
aromatics  I, t h e  y i e l d s  of  which, a t  3OO0C, approximate those obtained a t  39OOC. 

CONCLUSIONS 

I t  i s  c l e a r  from t h e  d a t a  presented he re  t h a t  t h e  e a r l y  s t a g e  of low tempera- 
t u r e  degradat ion i s  a gradual  depolymerization, where t h e  c ros s l ink ing  bonds i n  t h e  
a spha l t ene  molecule a r e  p r e f e r e n t i a l l y  broken with t h e  formation of lower molecular 
weight ,  pentane-soluble  p o l a r  mater ia ls .  Po la r  f r a c t i o n s  can r e a d i l y  undergo therm- 
o l y s i s  t o  generate  hydrocarbons (e.g., s a t u r a t e s  and aromatics) .  

e r a t i o n  of  t h i o l s  which can be e a s i l y  removed, t hus  a f fo rd ing  an appreciable  o v e r a l l  
d e s u l f u r i z a t i o n  on subsequent  pyrolysis .  The r educ t ion  using l i t h ium/ l iqu id  ammonia 
i n  t h e  presence of e thano l  r e p r e s e n t s  a s i t u a t i o n  i n  which t h e  hydrogen added t o  as- 
phal tene molecule r e a c t s  with t h e  f r e e  r a d i c a l s  produced during thermolysis ,  thus 
s t a b i l i z i n g  t h e  fragments and r e s u l t i n g  i n  a remarkable conversion i n t o  pentane- 
so lub le  ma te r i a l s .  

The a l k a l i  me ta l  p re t r ea tmen t  a c t i v a t e s  c e r t a i n  C-S bonds, most l i k e l y  by gen- 
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Table 1. Thermolysis of Athabasca Asphaltene 

Yield, % Wt Asphaltene 
Temp., Time, Volatiles Soluble fraction Residue Desulfurization 
O C  hrs Pentane Benzene % 

300 4 0 20 80 0 9 
300 30 1 22 77 0 9 
300 72 5 28 67 0 14 
300 114 5 26 69 0 14 
348 4 4 24 72 0 14 
390 4 10 32 38 20 22 

Table 2. Elemental analyses of maltene and residual asphaltene 
obtained from thermolysis of Athabasca asphaltene 

% 
Temp., Time, Mw H/C N 0 5 
OC hrs 

Maltene fraction 

300 4 690 1.36 0.60 2.02 7.00 
300 30 680 1.38 0.51 1.59 6.75 
300 72 530 1.38 0.55 1.23 6.39 
300 114 5 70 1.40 0.65 1.30 6.40 
348 4 620 1.40 0.51 1.60 6.58 
390 4 430 1.42 0.50 1.16 6.10 

Residual asphaltene 

300 4 6100 1.18 1.29 1.90 7.00 
300 30 5500 1.16 1.33 1.84 7.20 
300 72 6600 1.07 1.37 1.80 7.21 
300 114 4500 1.04 1.34 1.90 7.15 
348 4 5300 1.11 1.34 2.00 7.05 
390 4 2400 1.06 1.40 1.80 6.88 

Residue 
4 - 0.89 1.63 2.16 7.16 390 



Table 3. Thermolysis of Alberta asphaltenes at 3OO0C/72 hrs. 

Asphaltene Product 
source Mw Conversion Loss, Wt % Mw 

Wt % Sulfur Oxygen 

Athabasca 6000 28 14 40 1300 
Cold Lake 8100 7 5 30 5500 
Peace River 9500 14 1 4  40 2500 
Lloydminster 9300 14 15 20 3500 

Table 4 - See following page. 
Table 5. Chromatographic separation of the pentane soluble products 

from thermally treated Athabasca asphaltene 

Yield, w t  % (pentane solubles = 100%) 

Eluate Fraction 390'C 390°C 

neat tetralin neat Lithium 
reduced 

n-c5 Saturates 12.1 15.1 3.2 11.3 

Olefins 2.7 1.9 0.8 1.3 

Aromatic I 
(mono-, di-) n-C5/15% BZ 13.7 13.2 

Aromatic 11 
(>  di-to poly-) 30.6 27.5 n-C5/15% BZ 

5.8 10.9 

17.8 19.9 

100% Bz Polar I 22.5 26.3 47.3 30.9 

THF Polar I1 15.5 18.4 29.9 24.6 
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RELATION BETWEEN COAL STRUCTURE AND THERMAL DECOMPOSITION PRODUCTS 

P. R. Solomon 

United Technologies Research Center 
East Har t ford ,  CT Ob108 

INTRODUCTION 

I n  a recent  s t u d y ,  t h e  thermal decomposition of 13 c o a l s  was examined i n  
over  600 vacuum d e v o a l t i l i z a t i o n  experiments  ( 1 ) .  The r e s u l t s  f o r  a l l  13  coals  
were successfu l ly  s imulated i n  a model which assumes the evolu t ion  of t a r  "monomers" 
from the coal  "polymer" and the  p a r a l l e l  evolu t ion  of smaller  molecular spec ies  
produced by f u r t h e r  c racking  of t h e  molecular  s t r u c t u r e  ( 2 , 3 ) .  
each spec ies  i s  c h a r a c t e r i z e d  by r a t e  cons tan ts  which do not  vary with coa l  rank.  
The d i f fe rences  between c o a l s  a r e  due to  d i f f e r e n c e s  i n  t h e  mix of  sources  i n  t h e  
c o a l  for  t h e  evolved s p e c i e s .  The sources  were t e n t a t i v e l y  r e l a t e d  t o  t h e  funct ional  
group concent ra t ions  i n  t h e  coa l .  

The evolu t ion  of  

This paper  r e p o r t s  a s tudy t o  v e r i f y  t h e  r e l a t i o n s h i p  between func t iona l  
group d i s t r i b u t i o n  and thermal decomposition behavior .  A Fourier  Transform 
Inf rared  Spectrometer (FTIR) has  been employed t o  obta in  q u a n t i t a t i v e  inf ra red  
s p e c t r a  of the  c o a l s ,  c h a r s  and t a r s  produced i n  t h e  d e v o l a t i l i z a t i o n  experiments. 
The spec t ra  have been deconvoluted using a computerized s p e c t r a l  s y n t h e s i s  rou t ine  
t o  obta in  f u n c t i o n a l  group d i s t r i b u t i o n s ,  which a r e  compared t o  t h e  model parameters. 

MODEL 

The thermal  decomposition model i s  i l l u s t r a t e d  i n  Fig.  1 .  The i n i t i a l  
c o a l  composition (F ig .  l a )  i s  descr ibed  by the f r a c t i o n  Y; of each func- 
t i o n a l  group present  (Ei Y p  = 1)  and t h e  f r a c t i o n  of  coal  Xo which i s  
p o t e n t i a l l y  t a r  forming. During decomposition each component may evolve as an 
independent spec ies  i n t o  t h e  gas o r  may evolve wi th  t h e  t a r .  The evolu t ion  of 
a component i n t o  t h e  t a r  i s  descr ibed  by the  diminishing of the X dimension 
and in to  t h e  gas by t h e  diminishing of  the  Yi dimensions according t o  

X = Xo exp(-kXt) and Yi = Y p  exp(-ki t )  

where k i  and kX a r e  r a t e  cons tan ts  given i n  Table I. 

According t o  t h i s  model the  t a r  conta ins  a m i x  of func t iona l  groups s i m i l a r  t o  
t h a t  in  t h e  parent c o a l .  This concept  i s  based on t h e  s t rong  s i m i l a r i t y  between 
vacuum d e v o l a t i l i z e d  t a r  and t h e  parent  coa l  observed i n  chemical composition 
( 1 , 2 , 3 ) ,  i n f r a r e d  s p e c t r a  ( 1 , 3 , 4 , 5 ) ,  and nmr s p e c t r a  ( 1 , 3 ) ,  The s i m i l a r i t y  of t h e  
i n f r a r e d  s p e c t r a  i s  i l l u s t r a t e d  i n  F i g .  2 f o r  four  coa ls .  The resemblance of the  
t a r  and parent  coal  sugges ts  tha t  t h e  t a r  c o n s i s t s  of "monomers" re leased  from t h e  
c o a l  "Polymer". 
paren t  coal i s  the  h i g h e r  q u a n t i t y  of a l i p h a t i c *  CH2 and CH3. 

* No at tempt  has  been made i n  t h i s  paper t o  d i s t i n g u i s h  between a l i p h a t i c  and 

The major d i f f e r e n c e  observed i n  t h e  ir s p e c t r a  between t a r  and 
This i s  presumably 

a l i c y c l i c  CH. 
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because t h e  monomers a b s t r a c t  hydrogen t o  s t a b i l i z e  the  f r e e  r a d i c a l  s i tes produced 
when the monomer was f reed .  S imi la r  arguments were given f o r  p y r o l y s i s  of model 
compounds by Wolfs, van Krevelen and Waterman ( 6 ) .  

TABLE I KINETIC CONSTANTS FOR LIGNITE AND BITUMINOUS COALS ( 2 )  

Funct ional  Group K i n e t i c  Rates  

carboxyl 
hydroxyl 
e t h e r  
a l i p h a t i c  
aromatic  H 
aromatic  C 
tar 

kl = 
k2 = 15 exp (- 4950/T) 
k3 = 890 exp (-12000/T) 

k4 = 4200 exp (- 9000/T) 
ks = 3600 exp (-12700/T) 
k6 = 0 
kX = 750 exp (- 8OOO/T) 

6 exp (- 4000/T) sec-I 

Figure l b  i l l u s t r a t e s  t h e  i n i t i a l  s t a g e  of thermal decomposition dur ing  which 
t h e  v o l a t i l e  components H 2 0  and COP evolve from t h e  hydroxyl and carboxyl  groups 
r e s p e c t i v e l y  along wi th  a l i p h a t i c s  and tar .  
evolved from t h e  e t h e r  and aromatic  H.  

A t  a l a t e r  s tage  (F ig .  I C )  CO and H2 a r e  

To s imula te  t h e  a b s t r a c t i o n  of H by t h e  tar ,  the  a l i p h a t i c  f r a c t i o n  i n  t h e  t a r  
i s  assumed t o  be re ta ined  toge ther  with some a d d i t i o n a l  a l i p h a t i c  material which 
may be added d i r e c t l y  o r  may c o n t r i b u t e  i t s  hydrogen. 
a l i p h a t i c  m a t e r i a l  i s  c o n t r i b u t e d ,  i t s  assoc ia ted  carbons remain wi th  t h e  aromatic  
carbon f r a c t i o n  which eventua l ly  forms the  char  (F ig .  I d ) .  

When hydrogen from the  

INFRARED SPECTRA 

Inf rared  Spectra  of c o a l s ,  t a r s  and chars  were obtained on a Nicole t  FTIR.  
K B r  p e l l e t s  of c o a l s  and chars  were prepared by mixing 1 mg of  d r y ,  f i n e l y  ground 
(20 min i n  a "Wig-L-Bug") sample with 300 mg of K B r .  Thi r teen  mm diameter  p e l l e t s  
were pressed i n  an evacuated d i e  under 20,000 l b s  pressure  f o r  one minute and d r i e d  
a t  l l O ' C  overn ight  t o  remove water .  Since t h e  hea t ing  process  destroyed s i m i l a r l y  
prepared t a r  p e l l e t s ,  t h e  water c o r r e c t i o n  was obtained by s u b t r a c t i n g  t h e  spectrum 
of  a blank d i s k  prepared under t h e  same condi t ions .  
matched those  from samples prepared by al lowing the  t a r  produced i n  thermal  decom- 
p o s i t i o n  t o  f a l l  d i r e c t l y  onto a water  f r e e  blank K B r  d i s k .  

The H20 cor rec ted  s p e c t r a  

The FTIR o b t a i n s  s p e c t r a  i n  d i g i t a l  form and c o r r e c t i o n s  f o r  p a r t i c l e  s c a t t e r -  
i n g ,  minera l  content  and water may be e a s i l y  made. A t y p i c a l  c o r r e c t i o n  sequence 
i s  i l l u s t r a t e d  i n  F ig .  3 .  The lower curve i s  t h e  uncorrected spectrum of a d r i e d  
c o a l .  It has  a s lope  due to  p a r t i c l e  s c a t t e r i n g  and peaks from t h e  minera l  compo- 
nents  near  1000 and 450 cm-'. 
spectrum has  been subt rac ted .  I n  t h e  top the spectrum f o r  a mixture  of k a o l i n  and 
i l l i t e  has  been subt rac ted  (7) and t h e  spectrum sca led  t o  give t h e  absorbance f o r  1 
mg of coa l  dmmf. 

In  t h e  middle f i g u r e  a s t r a i g h t  l i n e  s c a t t e r i n g  

Much previous work has been done to  i d e n t i f y  the  f u n c t i o n a l  groups r e s p o n s i b l e  
f o r  t h e  observed peaks. Extensive re ferences  may be found i n  Lowry (8 )  and van 
Krevelen ( 9 ) .  To g e t  a q u a n t i t a t i v e  measure of t h e  func t iona l  group c o n c e n t r a t i o n s ,  
a curve a n a l y s i s  program (CAP) a v a i l a b l e  i n  the  Nicolet  l i b r a r y  was used t o  synthe-  
s i z e  t h e  i r  spec t ra .  The s y n t h e s i s  i s  accomplished by adding 26 absorp t ion  peaks 

I 
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with Gaussian shapes and v a r i a b l e  p o s i t i o n ,  width,  and he ight  as shown i n  Fig.  4 .  
The peaks a r e  s e p a r a t e d  according t o  t h e  i n d e n t i f i e d  f u n c t i o n a l  group. It has  been 
determined t h a t  a l l  t h e  c o a l s ,  c h a r s ,  and t a r s  which were s tud ied  could be synthe- 
s i z e d  by vary ing  only t h e  magnitudes o f  a s e t  of  Gaussians whose widths and pos i t ions  
w e r e  held c o n s t a n t .  These samples could t h e r e f o r e  be analyzed i n  terms of a f ixed  
mix of f u n c t i o n a l  groups.  

Peak 0 a t  1600 cm-' has  been included wi th  the  hydroxyl group. The i d e n t i t y  
of t h i s  peak has  caused much s p e c u l a t i o n  i n  t h e  l i t e r a t u r e  ( 8 , 9 ) .  F u j i i  e t  a l .  
(101,  showed t h a t  t h e  i n t e n s i t y  o f  t h e  1600 cm-l peak v a n e d  l i n e a r l y  with oxygen 
content  i n  t h e  coa l .  The present  s tudy narrows the  c o r r e l a t i o n  s t i l l  f u r t h e r .  
F igure  5 shows a l i n e a r  r e l a t i o n  between t h e  i n t e n s i t y  of the 0 peak a t  1600 0m-l 
and t h e  hydroxyl conten t  measured by peaks L ,  H, N and Q. The c o r r e l a t i o n  inc ludes  
c h a r s  which have a h igh  oxygen content  i n  e t h e r  groups but  very low hydroxyl so 
t h a t  the  c o r r e l a t i o n  w i t h  t o t a l  oxygen would no longer  hold. It has ,  t h e r e f o r e ,  
been concluded t h a t  t h e  sharp l i n e  a t  1600 cm-' i s  caused mainly by hydroxyl 
oxygen probably i n  t h e  form of  phenols .  

The c a l i b r a t i o n  o f  t h e  a l i p h a t i c  peaks near  2900 0 m - l  ( l i n e s  A-E) and the 
aromatic  peaks near  800 cm-l ( l i n e s  I-K) i s  shown i n  F ig .  6. 
determine t h e  v a l u e s  o f  t h e  cons tan ts  a and b ,  which r e l a t e  peak areas  t o  t h e  
corresponding hydrogen concent ra t ion ,  i . e . ,  

The o b j e c t i v e  i s  t o  

H a l i  = a AABCDE and AIJK 

where AABCDE is t h e  a r e a  under t h e  a l i p h a t i c  peaks A-E, AIJK i s  the  a r e a  under 
t h e  aromatic  peaks I-K, and Hali and Har the  a l i p h a t i c  ( o r  a l i c y c l i c )  and aromatic  
hydrogen c o n c e n t r a t i o n s ,  r e s p e c t i v e l y .  The equat ion f o r  t o t a l  hydrogen concentra- 
t i o n  Htotal  = Hali + Ha, + Hhydroxyl may be combined wi th  the above equat ions  
t o  y i e l d  

where Hhydroxyl i s  t h e  hydrogen content  i n  hydroxyl groups obtained from 

Hhydroxyl = ALMNQ 

where c has  been determined using the r e l a t i o n  between hydroxyl content  and s p e c i f i c  
e x t i n c t i o n  c o e f f i c i e n t  a t  3450 cm-l der ived  by &awa and Shih (11) .  

The hydrogen d i s t r i b u t i o n  computed using t h e  determined va lues  of a = .075 and 
b = .071 a r e  shown i n  Table  11. In t h e  present  i n v e s t i g a t i o n  it  was f e l t  t h a t  t h e  
de te rmina t ion  of peak a r e a s  r a t h e r  than peak i n t e n s i t i e s  would t h e  more a c c u r a t e  
method for  determining q u a n t i t a t i v e  f u n c t i o n a l  group concent ra t ions .  For comparison 
t o  o t h e r  i n f r a r e d  i n v e s t i g a t i o n s  more u s e f u l  r e l a t i o n s  a r e  

H a l i  = 11.5 x Da l i  A/M % and Ha,, = 19.2 x Daro A/M % 

where A i s  t h e  a r e a  of t h e  p e l l e t  i n  cm2, m t h e  sample weight i n  mg, Dali i s  t h e  
o p t i c a l  d e n s i t y  o f  t h e  peak a t  2920-1 and Daro i s  t h e  average o p t i c a l  d e n s i t y  o f  t h e  
I ,  J ,  and K peaks near  800 cm-1. 
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TABLE I1 HYDROGEN DISTRIBUTION I N  COALS (dmnf) 

COAL PLOlTING 
SYMBOL 

PSOC 268 M 
PSOC 124 B 
PSOC 170 G 
PSOC 103 A 
Bu M i  40660 Z 
PSOC 330 v 
PSOC 212 J 
PSOC 308 T 
Montana 4 
L i g n i t e  

C 

86.2 
84.8 
81.8 
82.9 
79.9 
80.4 
76.2 
74 .O 
65.2 

From IR 
H H a l i  Hhydr ' a ro lHal i  

5.24 
7.17 
5.37 
5.11 
5.32 
5.09 
4.81 
5.11 
3.60 

6.13 
6.35 
9 .12  

10.04 
11.74 
12.21 
16.81 
18.14 
29.44 

2.7 2 . 8  
1 .6  6.0 
1 .8  3.2 
2.0 2.4 
2.0 3.1 
1.9 2 .8  
1 .5  2.5 
1 . 7  3.0 
1 . 1  1 .7 

.28 

.42 

.31 

.36 

.42 

.4 2 

.58 

.58 

.71 

.79 

. 2 7  

.56 

.83 

.65 

.68 

.60 

.57 

.65 

The aromatic  hydrogen values  a r e  i n  agreement wi th  those  determined by? 
Krevelen ( 8 )  and by Mazumdar, e t  a l .  ( l l ) ,  from p y r o l y s i s  measurements but a r e  
l a r g e r  (by about a f a c t o r  of 2) than those  determined by Brown (12)  using i r  
techniques.  Brown measured t h e  r a t i o  of e x t i n c t i o n  c o e f f i c i e n t s  a t  3030 0m-l 
( l i n e  H) and 2920 0m-l ( l i n e  D) and used an assumed va lue  of 2 ( t h i s  va lue  has  
been open t o  ques t ion)  f o r  t h e  r a t i o  of  absorp t ion  s t r e n g t h  f o r  a l i p h a t i c  and 
aromatic  C-H bonds. The r a t i o  of e x t i n c t i o n  c o e f f i c i e n t s  determined i n  t h e  present  
s tudy are  i n  reasonable  agreement with those deterniined by Brown thus the  absorp t ion  
s t r e n g t h  r a t i o  must be approximately 4 t o  produce t h e  measured values  of Haro/Hali. 

THERMAL DECOMPOSITION 

The progress  of thermal decomposition i s  i l l u s t r a t e d  by t h e  series of s p e c t r a  
f o r  chars  i n  Fig. 7 .  The chars  were produced by d e v o l a t i l i z i n g  coa l  PSOC 212 f o r  
80 s e c  a t  t h e  i n d i c a t e d  temperature .  The r e s u l t s  a r e  s i m i l a r  t o  those  observed by 
Brown (13) and Oeler t  (14) .  The rap id  disappearance of t h e  a l i p h a t i c  and hydroxyl 
peaks is apparent .  The temperature and t i m e  dependence of t h e  decrease  i n  t h e s e  
groups i s  i n  agreement with t h e  k i n e t i c  c o n s t a n t s  of Table I obta ined  from a n a l y s i s  
of  t h e  gas components and elemental  composition of t h e  char  and t a r  i n  thermal  
decomposition. The aromatic  peaks remain t o  high temperature  and t h e  e t h e r  peaks 
a r e  observed t o  increase  i n  i n t e n s i t y  possibly from t h e  c r e a t i o n  of new e t h e r  
l inkages  by 

C-OH + C-OH + C-0-C + H20. 

For high temperature chars  whose carbon content  exceeds 92 percent  a broad absorp- 
t i o n  begins  t o  dominate t h e  spectrum. This is  s i m i l a r  t o  the  e f f e c t  observed i n  
high rank coa ls  (above 92% C) which has  been a t t r i b u t e d  t o  e l e c t r o n i c  absorp t ion  
( 8 , 9 ) .  

Figure 8 shows t h e  q u a n t i t a t i v e  determinat ion of the  hydrogen f u n c t i o n a l  group 
d i s t r i b u t i o n  f o r  the  chars  i n  Fig.  7.  Figure 9 shows the  measured hydrogen content  
and model p r e d i c t i o n .  The agreement i s  good. Comparison of F igs .  8 and 9 c l e a r l y  
shows how t h e  low temperature  loss of a l i p h a t i c  m a t e r i a l  and t a r  and t h e  r e t e n t i o n  
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of aromatic  hydrogen produced t h e  observed shape f o r  the  curve of t o t a l  hydrogen 
content  v s .  temperature .  The d i s t r i b u t i o n  of o t h e r  products  of thermal decomposi- 
t i o n  for t h e  same c o a l  is shown i n  Figs .  1 0  and 11. 

The thermal  decomposition model was developed using model parameters der ived 
from the decomposition experiments  (1,2,3). The observed r e l a t i o n s h i p  between t h e  
products  and t h e  f u n c t i o n a l  group compositions determined from i r  measurements 
i n d i c a t e s  tha t  s e v e r a l  of these  model parameters may be obtained d i r e c t l y  from t h e  
i r  s p e c t r a .  A comparison of parameters determined from t h e  thermal  decomposition 
experiments with t h o s e  determined from t h e  i r  measurements is made i n  Fig.  12. 
Addit ional  parameters may a l s o  be determined i n  t h e  same way. 

CONCLUSIONS 

1 .  

2 .  

3 .  

4 .  

5. 

6.  

7 .  

8 .  

The r e s u l t s  of  t h e  present  i n v e s t i g a t i o n  have y ie lded  t h e  fol lowing conclusions:  
FTIR provides  a convenient t o o l  for  ob ta in ing  q u a n t i t a t i v e  i n f r a r e d  s p e c t r a  of 
coa ls ,  chars  and t a r s  on a dry  mineral  mat te r  f r e e  b a s i s .  
The s p e c t r a  of a l l  t h e  c o a l s ,  chars  and t a r s  s tud ied  could be deconvoluted by 
varying t h e  magnitudes of a s e t  of 26 Gaussians whose width and p o s i t i o n  were 
held c o n s t a n t .  This provides  a good way f o r  determining magnitudes of ind iv i -  
dual peaks.  
Corre la t ion  of t h e  magnitudes of t h e  1600 0m-l peak w i t h  the  hydroxyl content  
of a v a r i e t y  of  c o a l s ,  t a r s  and chars  i n d i c a t e s  t h a t  hydroxyl, probably i n  the  
form of phenols ,  c o n t r i b u t e s  s t rongly  t o  t h i s  peak. 
A regress ion  a n a l y s i s  appl ied t o  a s e r i e s  of c o a l s ,  c h a r s  and t a r s  with widely 
d i f f e r i n g  r a t i o s  of  a l i p h a t i c  t o  aromatic  hydrogen has  been used t o  c a l i b r a t e  
t h e  a l i p h a t i c  and aromatic  C-H absorp t ion  i n t e n s i t i e s .  
The va lues  of a romat ic  hydrogen for  c o a l s  der ived  from t h e  i n f r a r e d  a n a l y s i s  
are i n  reasonable  agreement with those of van Krevelen (8) and Mazumdar (11) 
b u t  a r e  roughly a f a c t o r  of 2 l a r g e r  than  t h o s e  der ived  by Brown ( 1 2 ) .  
Inf ra red  s p e c t r a  o f  a s e r i e s  of coa ls  and tars demonstrate  t h e  very c l o s e  
s i m i l a r i t y  of t a r s  t o  t h e i r  parent  c o a l s  providing f u r t h e r  evidence t h a t  t h e  
t a r  c o n s i s t s  of hydrogen s t a b i l i z e d  "monomers" der ived  from decomposition of 
the  c o a l  "polymer". 
The v a r i a t i o n  of  f u n c t i o n a l  group concent ra t ions  i n  t h e  products  of thermal 
decomposition i s  i n  good agreement wi th  the p r e d i c t i o n s  of a d e t a i l e d  thermal 
decomposition model ( 1 , 2 , 3 ) .  
Most o f  t h e  c o a l  parameters  used i n  t h e  thermal decomposition model may be 
obtained d i r e c t l y  from a n  i n f r a r e d ,  u l t i m a t e  and proximate a n a l y s i s  of the coal 
allowing p r e d i c t i o n  o f  thermal  decomposition behavior  from a genera l  set  of 
k i n e t i c  c o n s t a n t s  appl icable  t o  l i g n i t e  and bituminous c o a l s .  
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Randal l  E .  Winans,  Ryo ich i  Haya t su ,  Rober t  L .  McBeth, 
Robert  G .  S c o t t ,  Leon P .  Moore, and M a r t i n  H .  S t u d i e r  

Chemis t ry  D i v i s i o n  
Argonne N a t i o n a l  L a b o r a t o r y ,  Argonne, I l l i n o i s  60439 

INTRODUCTION 

In a s e a r c h  f o r  r e l a t i v e l y  m i l d  methods f o r  s o l u b i l i z i n g  c o a l ,  
we have found t h a t  t r e a t i n g  a b i tuminous  c o a l  w i t h  po ta s s ium 
hydrox ide  i n  e t h y l e n e  g l y c o l  a t  250°C i s  q u i t e  e f f e c t i v e .  The use  
o f  a l k a l i  i n  p r o t i c  s o l v e n t s  i s  n o t  new. R e c e n t l y ,  Ouchi and co- 
workers (1) have r e p o r t e d  i n  d e t a i l  t h e  r e a c t i o n  o f  c o a l  w i t h  
e t h a n o l i c  KOH f rom 260° t o  450OC. A l s o ,  Ross and  B l e s s i n g  have  
looked  a t  bo th  iPrOH/iPrOK ( 2 )  and MeOH/KOH sys tems a t  4 O O 0 C  ( 3 ) .  
I n  an e a r l y  s t u d y  Pew and Withrow found t h a t  t h e  y i e l d  o f  Z-e thoxy-  
e t h a n o l  e x t r a c t  a t  135OC f o r  a b i tuminous  c o a l  i n c r e a s e d  from 9 . 4 %  
t o  31 .3% w i t h  t h e  a d d i t i o n  of KOH ( 4 ) .  I n  g e n e r a l  a t  lower  tempera-  
t u r e s  (5 2 5 O O C )  i t  has  been  found t h a t  o n l y  low r a n k  c o a l s  are 
a p p r e c i a b l y  s o l u b i l i z e d  ( 1 ) .  We f e e l  t h a t  t h e  g l y c o l  i s  p l a y i n g  
a s p e c i a l  r o l e  i n  p roduc ing  a s o l u b l e  p r o d u c t  and have c h a r a c t e r i z e d  
t h i s  p roduc t  i n  o r d e r  t o  u n d e r s t a n d  t h e  c h e m i s t r y  i n v o l v e d .  Our 
c o n c l u s i o n s  a r e  s i m i l a r  t o  t h o s e  g i v e n  by Ouchi (1). 

F i r s t ,  t h e  r e s u l t s  of Pew and Withrow (4)  i n d i c a t e  t h a t  g l y c o l  and 
KOH have s p e c i a l  p r o p e r t i e s  and t h e r e f o r e  more d r a s t i c  c o n d i t i o n s  
c o u l d  g i v e  improved e x t r a c t  y i e l d s .  I t  i s  e a s i e r  t o  o b t a i n  h i g h e r  
r e a c t i o n  t e m p e r a t u r e s  w i t h  g l y c o l s  w i t h o u t  u s i n g  an a u t o c l a v e .  
F i n a l l y ,  c l e a v a g e  o f  C - C  bonds has  o c c u r r e d  a s  s i d e  r e a c t i o n s  i n  
Wolf -Kishner  r e d u c t i o n s  ( 5 ) .  A l s o ,  a l k a l i n e  h y d r o l y s i s  a t  h igh  
t e m p e r a t u r e s  (>  200°C) w i l l  c l e a v e  e t h e r s  ( 6 , 7 )  and c a r b o n y l s  ( 7 ) .  
The o r i g i n a l  o b j e c t i v e  o f  t h e s e  e x p e r i m e n t s  was t o  c l e a v e  t h e s e  
l i n k a g e s  and t o  d e t e r m i n e  t h e i r  impor t ance  i n  t h e  s t r u c t u r e  o f  c o a l .  
However, a s  o b s e r v e d  by Ouchi (1) and Ross ( 2 , 3 )  a p p a r e n t l y  r educ -  
t i o n  i s  i n v o l v e d  a l s o  a s  s e e n  i n  t h e  i n c r e a s e d  H / C  r a t i o  and d e c r e a s e  
i n  a r o m a t i c  c a r b o n s .  We s h a l l  show t h a t  t h i s  i s  a t r u e  r e d u c t i o n  of 
a r o m a t i c  r i n g s  i n  t h e  c o a l ,  n o t  j u s t  an a t t a c h m e n t  o f  t h e  s o l v e n t .  

In  t h e  a n a l y s i s  o f  t h e  g l y c o l  s o l u b i l i z e d  c o a l  we have a p p l i e d  
a l l  t h e  t e c h n i q u e s  u s e d  i n  ou r  s t u d i e s  on c o a l s ,  SRC and SRL p roduc t s  
( 8 ) .  The e f f e c t  o f  t h e  r e a c t i o n  on t h e  a r o m a t i c  u n i t s  was shown by 
comparing s e l e c t i v e  o x i d a t i o n  p r o d u c t s  from t h e  c o a l  and i t s  hydro-  
l y t i c  p r o d u c t .  These  r e s u l t s  were compared w i t h  t h e  a r o m a t i c i t y  o f  
t h e  p roduc t  d e t e r m i n e d  by C-13 nmr. The m o l e c u l a r  s i z e  d i s t r i b u t i o n  
was de t e rmined  u s i n g  g e l  p e r m e a t i o n  chromatography (GPC). A l s o ,  we 
compared t h e  p r o d u c t s  from g l y c o l s  t o  t h o s e  from wa te r  and a l c o h o l  
a l k a l i n e  h y d r o l y s i s .  

EXPERIMENTAL 

We d e c i d e d  t o  u s e  g l y c o l  as a s o l v e n t  f o r  s e v e r a l  r e a s o n s .  

In a t y p i c a l  r e a c t i o n  15  g of I l l i n o i s  # 2  h igh  v o l a t i l e  b i tuminous  
c o a l  [ 7 3 . 9 %  C ,  5 . 2 %  H ,  1 . 4 %  N ,  3 . 4 %  t o t a l  S ( 1 . 2 %  o r g a n i c  S ) ,  1 6 . 1 %  
0 (by d i f f e r e n c e )  on a maf b a s i s ]  which was e x t r a c t e d  by r e f l u x i n g  
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w i t h  benzene/MeOH (3 /1)  was mixed w i t h  2 0  g p o t a s s i u m  h y d r o x i d e  and 
. 200 g o f  s o l v e n t  and h e a t e d  a t  250OC i n  a r o c k i n g  a u t o c l a v e  f o r  2 - 3  

h o u r s .  With t r i e t h y l e n e  g l y c o l  t h e  r e a c t i o n  was a l s o  r u n  a t  a tmos-  
p h e r i c  p r e s s u r e  u n d e r  a n i t r o g e n  sweep.  The a u t o c l a v e  was c o o l e d  
and  t h e  g a s e s  produced  were c o l l e c t e d  f o r  mass s p e c t r o m e t r i c  a n a l y -  
s i s .  The homogeneous, a l k a l i n e ,  r e a c t i o n  m i x t u r e  was p o u r e d  i n t o  
w a t e r ,  a c i d i f i e d  w i t h  conc .  H C 1 ,  f i l t e r e d  and d r i e d  i n  v a c u o  a t  
100°C. The p r o d u c t  was s u c c e s s i v e l y  e x t r a c t e d  w i t h  Gx-benzene- 
methanol  ( 1 : l )  and p y r i d i n e  u n d e r  r e f l u x  w i t h  t h e  r e s u l t s  shown i n  
T a b l e  1. 

The hexane i n s o l u b l e  p r o d u c t  f rom R e a c t i o n  No. 1 and t h e  
o r i g i n a l  c o a l  were d e r i v a t i z e d  w i t h  d 6 - d i m e t h y l s u l f a t e  and  o x i d i z e d  
w i t h  a q .  NazCr207 a t  250OC f o r  38-48 h o u r s  ( 8 ) .  The r e s u l t i n g  
a r o m a t i c  a c i d s  were d e r i v a t i z e d  w i t h  d iazomethane  and a n a l y z e d  by gas  
chromatography mass s p e c t r o m e t r y .  The i d e n t i f i c a t i o n s  o f  t h e  e s t e r s  
were conf i rmed from r e t e n t i o n  t i m e s  and mass s p e c t r a  o f  a u t h e n t i c  
compounds, from p u b l i s h e d  d a t a  and from h i g h  r e s o l u t i o n  mass s p e c -  
t r o m e t r i c  a n a l y s i s  o f  t h e  m i x t u r e .  

The m o l e c u l a r  s i z e  d i s t r i b u t i o n  was d e t e r m i n e d  u s i n g  g e l  p e r -  
meati n chromato r a p h y  w i t h  a s e r i e s  o f  f o u r  u - s t y r a g e l  columns 
( 5 0 0  1, 3 x 1 0 0  1).  
w i t h  a UV d e t e c t o r  s e t  a t  254 nm ( s e e  F i g .  1, R e a c t i o n  1 p r o d u c t ) .  
C a l i b r a t i o n  c u r v e s  ( F i g u r e  2) were o b t a i n e d  under  t h e  same c o n d i t i o n s  
f o r  l i n e a r  po lymers  and  a s e r i e s  o f  a r o m a t i c  h y d r o c a r b o n s .  

The C-13 nmr s p e c t r a  were o b t a i n e d  on a Bruker  WP-60 a t  1 5 . 0 8  
MHz, w i t h  3 sec d e l a y s ,  no d e c o u p l i n g  and t y p i c a l l y  5 0 , 0 0 0  s c a n s .  
The samples  o f  c h l o r o f o r m  s o l u b l e  p r o d u c t  were made up t o  5 0 %  (w/v) 
i n  d e u t e r o c h l o r o f o r m .  

RESULTS AND DISCUSSION 

T e t r a h y d r o f u r a n  was u s e d  as t h e  e l u t i o n  s o l v e n t  

I n  t h e  i n i t i a l  e x p e r i m e n t s  w i t h  t r i e t h y l e n e  g l y c o l  (TEG) i t  was 
n o t i c e d  t h a t  t h e  H / C  o f  t h e  p r o d u c t  ( 1 . 0 8 )  was s i g n i f i c a n t l y  h i g h e r  
t h a n  t h a t  o f  t h e  c o a l  ( 0 . 8 4 ) .  T h i s  would i n d i c a t e  t h a t  e i t h e r  r e d u c -  
t i o n  o r  s o l v e n t  a t t a c h m e n t  o r  b o t h  were  o c c u r r i n g .  A l s o ,  t h e  y i e l d  
o f  s o l i d  p r o d u c t  was g r e a t e r  t h a n  t h e  amount o f  t h e  o r i g i n a l  c o a l .  
The hexane e x t r a c t ,  which was s i g n i f i c a n t  i n  t h i s  c a s e  ( 1 1 . 9 % ) ,  was 
shown by s o l i d  p r o b e  MS and GCMS t o  b e  m o s t l y  g l y c o l  d e g r a d a t i o n  
p r o d u c t s .  When e t h y l e n e  g l y c o l  was u s e d  t h e r e  was no i n c r e a s e  i n  
w e i g h t  and t h e  amount o f  hexane  e x t r a c t a b l e  m a t e r i a l  was r e d u c e d .  
Both Ouchi ( 1 )  and Ross ( 2 , 3 )  o b s e r v e d  an  H / C  i n c r e a s e  w i t h  t h e  
a l c o h o l s .  

With t h e  i n c r e a s e  i n  H / C  r a t i o  one would e x p e c t  a d e c r e a s e  i n  
t h e  f r a c t i o n  o f  a r o m a t i c  c a r b o n s  ( f a ) .  From t h e  C-13 nmr s p e c t r a  
( F i g .  3)  t h e  f a  f o r  p r o d u c t  #1 was d e t e r m i n e d  t o  b e  0 . 5 0 .  T h i s  same 
c o a l  h a s  been shown by f l u o r i n a t i o n  t o  have an f a  o f  a p p r o x i m a t e l y  
0 . 6 9  ( 9 ) .  The a t t a c h m e n t  o f  e t h y l e n e  g l y c o l  g r o u p s  (ROCHzCHz-0-COAL) 
h a s  been d e t e r m i n e d  t o  be 5 . 1 %  o f  c a r b o n s  from t h e  i n t e g r a t i o n  o f  
t h e  peaks  from 55-65 ppm. We have  found t h e s e  p e a k s  t o  b e  a b s e n t  
i n  o t h e r  c o a l  p r o d u c t s  such  as SRC. A l s o ,  t h e  i m p o r t a n c e  o f  t h e  
c a r b o n y l  carbon peak a t  2 1 5  ppm w i l l  be  d i s c u s s e d  l a t e r .  However, 
t h e s e  d a t a  do  n o t  e x c l u d e  t h e  r e a c t i o n  o f  e t h y l e n e  (CHz=CHz) w i t h  
t h e  c o a l  as ment ioned  by Ouchi  ( 1 ) .  

r e d u c t i o n  is  t h e  compar ison  o f  t h e  aq .  NazC1-207 o x i d a t i o n  p r o d u c t s  
of t h e  h y d r o l y t i c  p r o d u c t  w i t h  t h o s e  o f  t h e  o r i g i n a l  c o a l  (Table  2). 

The b e s t  e v i d e n c e  f o r  t h e  o c c u r r e n c e  o f  p o l y c y c l i c  a r o m a t i c  r i n g  
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The gas chromatogram f o r  t h e  v o l a t i l e  methyl  e s t e r s  f rom t h e  o r i g i n a l  
c o a l  o x i d a t i o n  i s  shown i n  F i g u r e  4 w i t h  i d e n t i f i c a t i o n  i n  T a b l e  3 .  
As w e  have shown b e f o r e  a s i g n i f i c a n t  amount o f  p o l y c y c l i c  a r o m a t i c s  
s u c h  as p h e n a n t h r e n e  and n a p h t h a l e n e  c a r b o x y l i c  a c i d s  and h e t e r o -  
a r o m a t i c s  i n c l u d i n g  d i b e n z o f u r a n  and xanthone  c a r b o x y l i c  a c i d s  were 
i s o l a t e d  ( 8 ) .  F i g u r e  5 i s  t h e  g a s  chromatogram f o r  t h e  o x i d a t i o n  
p r o d u c t s  f rom t h e  h y d r o l y t i c  p r o d u c t  w i t h  peak i d e n t i f i c a t i o n  i n  
T a b l e  3 .  The m a j o r  p r o d u c t s  a r e  benzene ,  methoxybenzene,  and methyl -  
b e n z e n e c a r b o x y l i c  a c i d s .  The a c i d s  f rom t h e  c o a l  and h y d r o l y t i c  
p r o d u c t  are compared i n  T a b l e  2 .  I t  i s  o b v i o u s  t h a t  t h e  p o l y c y c l i c  
a r o m a t i c s  and  h e t e r o a r o m a t i c s  have been r e d u c e d  and d e g r a d e d .  As 
e x p e c t e d  t h e  f u r a n  r i n g  i n  d i b e n z o f u r a n  was d e s t r o y e d .  S i n c e  aqueous 
a l k a l i  t r e a t m e n t  h a s  b e e n  used  as  a method f o r  removal  o f  s u l f u r  from 
c o a l  (lo), i t  i s  n o t  s u r p r i s i n g  t h a t  i n  R e a c t i o n  #1 t h e  t o t a l  s u l f u r  
was reduced  from 3 . 5 %  ( 1 . 2 %  o r g a n i c )  t o  0 . 7 2 % .  Most o f  t h e  l o s s  was 
due  t o  t h e  removal  of i n o r g a n i c  s u l f u r ,  b u t  a s i g n i f i c a n t  amount o f  
o r g a n i c  s u l f u r  i n c l u d i n g  d i b e n z o t h i o p h e n e  was removed. The y i e l d  o f  
p h e n a n t h r e n e  and a n t h r a c e n e  ( i s o l a t e d  a s  a n t h r a q u i n o n e s )  c a r b o x y l i c  
a c i d s  has been r e d u c e d  t o  a n o n d e t e c t a b l e  l e v e l .  We and Ross ( 3 )  
have  observed  i n d e p e n d e n t l y  t h a t  a n t h r a c e n e s  a r e  r e d u c e d  w i t h  a l c o h o l i c  
a l k a l i .  The g r e a t e r  amount o f  hydroxybenzene compounds i n  t h e  p r o d u c t  
i n d i c a t e  t h a t  as  e x p e c t e d  a r y l  and a r y l a l k y l  e t h e r s  have  been c l e a v e d .  
The e x c e p t i o n  t o  t h i s  i s  t h e  a r y l  methyl  e t h e r s  which from t h e  
l a b e l i n g  e x p e r i m e n t s  w i t h  d g - d i m e t h y l s u l f a t e  a p p e a r  t o  be s t a b l e .  

t h e  g e l  p e r m e a t i o n  chromatogram shown i n  F i g u r e  1. For compar ison  i t  
h a s  been super imposed  on a chromatogram f o r  a SRC (11) u s i n g  t he  same 
amount o f  sample .  The h y d r o l y t i c  p r o d u c t  h a s  a h i g h e r  m o l e c u l a r  
w e i g h t  d i s t r i b u t i o n  t h a n  t h e  SRC. Using t h e  a r o m a t i c  hydrocarbon 
c u r v e  from F i g u r e  1 ,  t h e  M . W .  r u n s  from a p p r o x i m a t e l y o 3 5 0  t o  1 5 0 0 .  
Because of t h e  l o w e r  t e m p e r a t u r e  o f  t h e  r e a c t i o n  ( 2 5 0  compared t o  
45OoC), t h i s  c o a l  h a s  n o t  been  s o  e x t e n s i v e l y  f r a g m e n t e d .  The l o w e r  
UV a b s o r p t i o n  o f  t h e  h y d r o l y t i c  p r o d u c t  (HSC) a g a i n  i n d i c a t e s  a lower 
a r o m a t i c i t y  compared w i t h  t h e  SRC which h a s  an  f a  = 0 . 8 5  f rom C-13 
nmr d a t a .  F i g u r e  2 d e m o n s t r a t e s  a problem e n c o u n t e r e d  i n  u s i n g  GPC 
f o r  c o a l  p r o d u c t  a n a l y s i s ,  t h a t  i s  which s t a n d a r d s  s h o u l d  be u s e d .  
We chose  t h e  a r o m a t i c  hydrocarbons  b e c a u s e  t h e y  were more r e p r e s e n t a -  
t i v e  of t h e  h y d r o l y t i c  p r o d u c t  t h a n  l i n e a r  po lymers .  

t o  o t h e r  p r o t i c  s o l v e n t s  f o r  h y d r o l y s i s .  T h e r e  a r e  a t  l e a s t  two 
p o s s i b l e  r e a s o n s  f o r  t h i s .  F i r s t ,  t h e  g l y c o l  i s  b e t t e r  a t  s o l v a t i n g  
t h e  p o s i t i v e  i o n .  S e c o n d l y ,  t h e  g l y c o l  may b e  more e f f e c t i v e  f o r  
r e d u c i n g  t h e  a r o m a t i c s  i n  c o a l .  Even i n  a n o n p o l a r  s o l v e n t  s u c h  a s  
t o l u e n e  ( R e a c t i o n  # 3 )  TEG b r o u g h t  t h e  KOH i n t o  s o l u t i o n  and gave  a 
s u b s t a n t i a l  y i e l d  o f  s o l u b l e  p r o d u c t .  The e f f e c t s  o f  b a s e  s t r e n g t h s  
were examined b y  c h a n g i n g  t h e  a l k a l i  m e t a l  u s i n g  L i + ,  Na', K + ,  Rb' 
and  Cs'. However, n o  t r e n d s  were found i n  t h e  e x t r a c t i o n  y i e l d s  and 
t h e  GPC i n d i c a t e d  a p o s s i b l e  i n c r e a s e  i n  M . W .  w i t h  i n c r e a s e  i n  s i z e  
o f  t h e  i o n .  

i n v o l v e  h y d r i d e  t r a n s f e r  w i t h  t h e  i n t e r m e d i a t e  f o r m a t i o n  o f  t h e  
c o r r e s p o n d i n g  a l d e h y d e  ( 7 , 1 2 )  (Eq. 1) .  

Other  c h a r a c t e r i s t i c s  o f  t h e  h y d r o l y t i c  p r o d u c t  c a n  be s e e n  i n  

From e x a m i n a t i o n  o f  T a b l e  1 it i s  e v i d e n t  t h a t  g l y c o l  i s  s u p e r i o r  

The a l k a l i n e  o x i d a t i o n  o f  a l c o h o l s  and g l y c o l s  i s  t h o u g h t  t o  
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T h e r e f o r e ,  a p o s s i b l e  pathway f o r  r e d u c t i o n  i s  by a h y d r i d e  
t r a n s f e r  t o  an  a c t i v a t e d  a r o m a t i c  r i n g  (Eq. 2 ) .  H y d r o g e n a t i o n  w i t h  
H 2  c a n  be  r u l e d  o u t  f o r  two r e a s o n s .  F i r s t ,  t h e r e  a r e  n o  a c t i v e  
c a t a l y s t s  a v a i l a b l e .  Secondly ,  t h e  t r i e t h y l e n e  g l y c o l  r e a c t i o n s  
were c o n d u c t e d  i n  an  open sys tem s o  t h a t  t h e  H Z  c o u l d  e s c a p e  and y e t  
t h e  d e c r e a s e  i n  a r o m a t i c  c a r b o n  w a s  o b s e r v e d .  A l s o  a l k a l i n e  o x i d a t i o n  
of  reduced  p h e n o l s  and a l c o h o l s  c o u l d  a c c o u n t  f o r  t h e  c a r b o n y l s  s e e n  
i n  t h e  C-13-nmr s p e c t r a .  

CONCLUSIONS 

From t h e  c h a r a c t e r i z a t i o n  o f  t h e  h y d r o l y t i c a l l y  s o l u b i l i z e d  c o a l  
w i t h  g l y c o l s  t h e  f o l l o w i n g  o b s e r v a t i o n s  can  be  made: 1. The p o l y c y c l  
a r o m a t i c  r i n g s  a r e  b e i n g  r e d u c e d .  A p o s s i b l e  mechanism i s  h y d r i d e  
t r a n s f e r  f rom t h e  s o l v e n t .  A l s o  oxygen h e t e r o a r o m a t i c s  are  d e s t r o y e d  
2 .  A r y l a l k y l  e t h e r s  a r e  b e i n g  c l e a v e d  by t h i s  p r o c e s s .  3 .  The a b i l i  
o f  t h e  g l y c o l s  t o  c h e l a t e  t h e  p o s i t i v e  a l k a l i  m e t a l  i o n  c o u l d  c o n t r i b  
u t e  t o  t h e  enhanced y i e l d s  of  s o l u b l e  c o a l  compared t o  o t h e r  p r o t i c  
s o l v e n t s .  

T h i s  s t u d y  d e m o n s t r a t e s  t h e  u t i l i t y  o f  u s i n g  a m u l t i - p r o n g e d  
a n a l y t i c a l  and c h e m i c a l  approach  t o  t h e  s t u d y  of  n o n - v o l a t i l e  c o a l  
p r o d u c t s .  
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Table 1 
Yields and Solubilities of the Hydrolytic Coal Products in Weight Percenta 

Reaction #I Solvent Yield Hexane Benzene/ Pyridine Insoluble 
MEOH(l/l) 

1 Triethylene glycol (TEG) 123 11.9 46.8 37.3 4.1 

2 Ethylene glycol 90 1.3 48.9 42.2 7.4 

3 Toluene-TEG 124 0.6 46.6' 35.1 17.7 

4 Water 86 - - -  18.5 12.0 69.7 

5 Methanol 90 0.8 37.3' 7.8 54.0 

b 

aAll reactions at 250OC; bl:l mole ratio of TEG and KOH; 'Includes solids soluble 
in the reaction solvent. 

Table 2 
Relative Mole Abundances from the GC Data of the Volatile Aromatic Carboxylic Acids 

from the Oxidation of the Coal and its Hydrolytic Product 

Carboxylic acids of: Illionois # 2  Bituminous Hydrolytic Product from 
Coal Reaction #1 (Table 1) 

Benzene 
Hydroxybenzene 
Methylbenzene 
Naphthalene 
Phenanthrene 
Dibenzofuran 
Xanthone 
Dibenzothiophene 
Other Heteroaromatics 

100 
1.4 
2.3 
7.2 
1.1 
1.5 
1.3 
0.5 
2.8 

100 
10 
7 
1 

0.4 
_ _ _  
_ _ _  
_ _ _  
<l 

~ ~~~ 

- - -  not detected. 
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Table 3 
Methyl Esters o f  the Oxidation Products from Coal (Figure 4) and the 

Hydrolytic Product (Figure 5) 

Peak No. 

Coal Product 
Compound 

1 
2 
3 
4 
5 
9 
11 
12 
13 
14 
15 

16 
17 

19 

20 
21 
22 
23 

24 
25 
26 
27 
28 
29  

30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
4 2  
43 
44 
45 
46 

1 
2 
3 
4 

6,9,10 

11 
13 
12,14 

5,798 

16 
17 
18 
19 
20-23 

24,25 

26 
27-29 

30 
31 
32 
33,34 

35,36 

3 7  
38 

Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 

succinate 
methylsuccinate 
benzoate 
methylfurancarboxylate 
me thylbenzoate 
methoxybenzoate (+d3-methoxy) 
methoxymethylbenzoate 
furandicarboxylate 
1,2-benzenedicarboxylate 
1,4-benzenedicarboxylate 
1,3-benzenedicarboxylate 
methoxy- (methoxy-d3) -benzoate(T) 
m e t h y l b e n z e n e d i c a r b o x y l a t e  
naphthalenecarboxylate 
pyridinedicarboxylate 
methoxybenzened ica rboxy la t e  (+ds-methoxy) 
(methoxy-d3)-benzenedicarboxylate 
d i m e t h y l f u r a n d i c a r b o x y l a t e  
biphenylcarboxylate 
1,2,4-benzenetricarboxylate 
1,2,3-benzenetricarboxylate 
unidentified m/e 261,230 
1,3,5-benzenetricarboxylate 
m e t h y l b e n z e n e t r i c a r b o x y l a t e  
dibenzofurancarboxylate 
n a p h t h a l e n e d i c a r b o x y l a t e  
pyridinetricarboxylate 
m e t h o x y b e n z e n e t r i c a r b o x y l a t e  (+d3-methoxy) 
(methoxy-d3)-benzenetricarboxylate 
fluorenonecarboxylate 
1,2,4,5-benzenetetracarboxylate 
1,2,3,4-benzenetetracarboxylate 
1,2,3,5-benzenetetracarboxylate 
m e t h y l b e n z e n e t e t r a c a r b o x y l a t e  
phenanthrenecarboxylate 
d i b e n z o t h i o p h e n e c a r b o x y l a t e  
xanthonecarboxylate 
anthraquinonecarboxylate 
n a p h t h a l e n e t r i c a r b o x y l a t e  
methylxanthonecarboxyla te  
d i b e n z o f u r a n d i c a r b o x y l a t e  
benzenepentacarboxylate 
b e n z o q u i n o l i n e c a r b o x y l a t e  
phenanthrenedicarboxyla te  
carbazolecarboxylate 
xanthonecarboxylate 

T indicates that identification is tentative 
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OXIDATION OF COALS WITH NITRATE I N  CONCENTRATED CAUSTIC SODA 
SOLUTIONS AT ELEVATED TEMPERATURES. 

H .  Kawamura,'A. Okuwaki, 0 .  H o r i e ,  A .  Amano and T .  Okabe 

Department o f  A p p l i e d  C h e m i s t r y ,  F a c u l t y  o f  E n g i n e e r i n g ,  Tohoku 
U n i v e r s i t y ,  S e n d a i  980,  J a p a n .  

I n t r o d u c t i o n  
hlol ten a l k a l i  n i t r a t e ,  a s t r o n g  o x i d i z i n g  a g e n t  h a v i n g  l o w m e l t i n g  

p o i n t ,  i s  i n t e r e s t i n g  t o  u s e  a s  a n  o x i d i z i n g  a g e n t  and  s o l v e n t  i n  t h e  
o x i d a t i o n  r e a c t i o n s  of b o t h  i n o r g a n i c  a n d o r g a n i c  compounds. P r e v i o u s l y ,  
we have a p p l i e d  c a u s t i c  soda-dodium n i t r a t e  m e l t  t o  t h e  p r o d u c t i o n  of 
ch romate  o r  o x y a c i d s  o f  manganese.  In  t h e  p r e s e n t  p a p e r ,  we have e x -  
amined i t  f o r  t h e  o x i d a t i o n  of  c o a l s ,  t h e r e b y  s t u d i n g  t h e  e f f e c t s  o f  
r a n k ,  r e a c t i o n  t e m p e r a t u r e ,  c o n c e n t r a t i o n s  of  c a u s t i c  soda  and sodium 
n i t r a t e ,  and p r e - o x i d a t i o n  o n  t h e  y i e l d s  o f  o x i d a t i o n  p r o d u c t s .  
c a r b o x y l i c  a c i d s  i n  t h e  p r o d u c t s  a r e  c u r r e n t l y  n o t e d  a s  i m p o r t a n t  raw 
c h e m i c a l s .  

Benzene- 

Experiment  
Three k i n d s  o f  f o r e i g n  c o a l s ,  L a t r o b e  c o a l ( A n s t r a l i a ) ,  Amax c o a l (  

U.S.A.) , and G o o n y e l l a  c o a l ( A u s t r a 1 i a )  w e r e  u s e d .  T h e i r  p r o p e r t i e s  
are  shown i n  T a b l e  1. Coa1(100-150mesh) 5 g ,  c a u s t i c  soda  15Og, sodium 
n i t r a t e  0-38g,  a n d  w a t e r  40g were p l a c e d  i n  a n  au toc lave (SUS 304) 
equ ipped  w i t h  a m e c h a n i c a l  s t i r r e r ,  were m a i n t a i n e d  a t  150-3OO0C f o r  3 
h r s .  A l k a l i n e  s o l u t i o n s o f r e a c t i o n  p r o d u c t s  were a n a l y s e d f o r  r e s i d u e ,  
humic a c i d s ( w a t e r s o l u b 1 e  a c i d s  o f  h i g h  m o l e c u l a r  w e i g h t ) ,  a n d  a r o m a t i c  
a c i d s  o b t a i n e d b y t w o  s t a g e s  m e t h y l  e t h y l  k e t o n e  e x t r a c t i o n  from a c i d i -  
f i e d  s o l u t i o n s  of  o x i d a t i o n  p r o d u c t s .  N i t r a t e  and n i t r i t e  i n  t h e  a l k a -  
l i n e  s o l u t i o n s  w e r e  a l s o  d e t e r m i n e d .  A r o m a t i c  a c i d s  were f i r s t  e s t e r -  
i f i c a t e d  by d i a z o m e t h a n e .  B e n z e n e p o l y c a r b o x y l i c  a c i d s  were t h e n  de-  
t e r m i n e d  a s  e s t e r s  by t e m p e r a t u r e  programmed g a s  ch romatography  u s i n g  a 
SE-30 column. 

T a b l e  1. A n a l y s e s  o f  s ample  c o a l s  
Sample U l t i m a t e  a n a l y s e s ( %  d . a . f . )  Ash 

C H N 0 ( % d )  
L a t r o b e  c o a l ( V i c t o r i a )  6 4 . 1 0  4 . 8 5  0 .09  30 .96  1 . 0 6  
Amax c o a l ( U t a h )  76.53 5.22 1 . 7 7  16.48 8 . 8 7  
Goonye l l a  c o a l ( Q ' 1 a n d )  85.49 5 .05  2 .07  7 .39  7.04 

R e s u l t s  and D i s c u s s i o n  
L i s t e d  i n  T a b l e  2 a r e  t h e  r e s u l t s  o b t a i n e d  f o r  L a t r o b e  c o a l .  

L a t r o b e  c o a l  was f o u n d  t o  be  e a s i l y  s o l u b l e  i n  t h e  c o n c e n t r a t e d  a l k -  
a l i n e  s o l u t i o n s  l e a v i n g  a s m a l l  amount of  r e s i d u e .  Aromat i c  a c i d s  a s  
w e l l  as humic a c i d s  was formed i n  good y i e l d  even i n  t h e  a b s e n c e  of 
sodium n i t r a t e .  Upon f u r t h e r  o x i d a t i o n  a t  r a i s i n g  t e m p e r a t u r e  and i n -  
c r e a s i n g  amount of n i t r a t e ,  however ,  humic a c i d s  gave r i s e  t o  a r o m a t i c  
a c i d s .  The maximum y i e l d  of  a r o m a t i c  a c i d s  was t h u s  r e a c h e d  a t  200°C 
a n d  7g of  sodium n i t r a t e .  The r a t i o  of  a r o m a t i c  a c i d s / h u m i c  a c i d s  
r e a c h e d  maximum a t  250°C and 18-38g of sodium n i t r a t e ,  b u t  t h e  y i e l d  of 
a r o m a t i c  a c i d s  became much h i g h e r  a t  t h e  amount of sodium n i t r a t e  l e s s  
t h a n  18-38g.  
m a t e r i a l s  t o  n i t r i t e  and f u r t h e r  t o  n i t r o g e n  and ammonia depend ing  on 
t h e  r e a c t i o n  c o n d i t i o n s .  I n t h e  a b s e n c e  o f w a t e r ,  t h e  c o a l  was c o n v e r t e d  
t o  c a r b o n  d i o x i d e  and w a t e r  w i t h  t h e  c o n c u r r e n t  r e d u c t i o n  of  n i t r a t e  t o  
n i t r o g e n  a s  shown i n  T a b l e  3.  The maximum y i e l d  of a r o m a t i c  a c i d s  was 

On t h e  o t h e r  h a n d ,  n i t r a t e  was r e d u c e d b y  t h e  ca rbonaceous  
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T a b l e  2 .  O x i d a t i o n  o f  L a t r o b e  c o a l  
Temp. 

("C) 
L - 1  150a 
L -  2 
L -  3 
L-4 200 
L -  5 
L -  6 
L -  7 
L -  8 b 
L -  9 C 
L-10 250 
L - 1 1  
L - 1 2  
L- 13 

Coa l  

(g )  
1 0 . 4 3  
1 2 . 5 8  
1 2 . 5 8  
5 .035  
5.019 
5 .084  
5.034 
5.029 
5 .008  
5.024 
5.020 
5.024 
5.029 

NaN03 

1 7 . 3 6  
44 .74  
94 .37  

0 
6 . 9 7  

17.79 
37.80 
1 7 . 9 7  
17 .94  

0 
6 . 9 5  

1 7 . 9 2  
37.82 

(g) 

Y i e l d s  

R e s i d u e  
8 
8 
2 
9 
4 
3 
3 
2 
5 
4 
3 
2 
2 

t o  c o a l ( w t % )  E 
Humic Aromat ic  
a c i d s  a c i d s  

30 30 
43 25 
4 3  28 
40 30 
30 6 3  
20 60 
1 7  35 
11 53 
1 0  36 
29 38 

55 i 7  6 50 

2 1 9  

401 r a t i o s  t o  
i n i r i a l  NO;(%) 
No3 N O 3  

46 .6  4 6 . 1  
79 .7  1 8 . 4  
74.8 1 6 . 4  

0 48 .8  
1 7 . 6  7 4 . 3  
46 .3  49 .2  

0 8 5 . 8  
0 8 9 . 1  

0 1 9 . 5  
3 . 8  8 6 . 3  

1 0 . 1  82 .0  
a;.NaOH 400g, b ;  6 h r ,  c ;  9 h r  

T a b l e  3 .  E f fec t  o f  c a u s t i c  s o d a  c o n c e n t r a t i o n  on o x i d a t i o n  of 

(Temp. 25OoC. NaOH 5 .5g ,  NaN03 6 . 3 g ,  t i m e  3hr  i n  a 15ml a u t o c l a v e )  
L a t r o b e  c o a l  

Coal  Water  Y i e l d s  t o  c o a l ( w t % )  Mol r a t i o s  t o  

(g) ( g )  R e s i d u e  a c i d s  a c i d s  N O 3  NO2 
Humic A r o m a t i c  i n i t i a l  N I ) j ( % )  

L - 1 4  2 . 0 1 3  1 0 1 0.6 5 . 6  
L-15 2 .032  1 . 4  1 1 5  40 1 3 . 7  5 2 . 7  
L-16 2.012 2 . 6  2 1 6  49 2 1 . 4  5 0 . 4  
L - 1 7  2 .015  3 . 4  3 1 5  52 29.6 4 6 . 8  
L-18 2.032 6 .4  5 1 5  40 4 2 . 4  2 9 . 5  

r e a c h e d  a t  c a u s t i c  s o d a  c o n c e n t r a t i o n  o f  a b o u t  60 -70% u n d e r  which  t h e  
r a t i o s  o f  a r o m a t i c  a c i d s / h u m i c  a c i d s  were  a b o u t  3.  I t  was c o n f i r m e d  
t h a t  e v e n  u n d e r  t h e  h i g h  r a t i o  of c o a l  t o  t h e  s o l v e n t  shown i n  T a b l e  3, 
L a t r o b e  c o a l  underwent  t h e  o x i d a t i o n  by n i t r a t e .  

Amax c o a l  was o n l y  p o o r l y  s o l u b l e  i n  c o n c e n t r a t e d  c a u s t i c  s o d a  
s o l u t i o n s  a n d  t h e  y i e l d s  of humic a c i d s  and a r o m a t i c  a c i d s  were v e r y  
low i n  t h e  a b s e n c e  o f  sodium n i t r a t e .  The amounts  o f  t h e  i n t e r m e d i a t e s  
i n c r e a s e d  w i t h  i n c r e a s i n g  amount of  sodium n i t r a t e  a s  shown i n  T a b l e  4.  

A- 1 
A-  2 
A: 3 
A- 4 
A- 5 
A- 6 
A- 7 
A- 8 
A- 9 
A -  1 0  
A - 1 1  
A-12 
A-13 

T a b l e  4 .  O x i d a t i o n  o f  Amax c o a l  
Temp. Coa l  N a N 0 3  Y i e l d s  t o  c o a l ( w t 8 )  Mol r a t i o s  t o  

Humic A r o m a t i c  i n i t i a l _ N 0 3 ( % )  
( g )  R e s i d u e  acids  a c i d s  N O 3  

8 3  1 01 9 4 . 1  ":29 
(g)  

5 .082 21 .95  
("C) 
150  
200 4 .935  0 78 2 4 

5.167 7.07 4 1  1 4  1 2  
5 .294 1 4 . 2 0  2 2  1 5  9 
5.192 21 .18  1 4  42 23 
5 . 2 9 5  38 .05  1 6  25 1 3  

a 4 . 9 8 3  22.18 70 4 4 
b 5 .084 21.49 14 23 1 4  
C 5 .014 21.60 1 6  45 2 1  

250 5 . 0 9 1  0 78 4 6 
5.123 7 . 1 1  1 3  3 3  25 
5.138 21.72 5 36 29 
5.100 37 .83  1 0  2 0  27 

1 8 . 1  70 .4  
3 9 . 3  5 0 . 5  
41.4 54.2 
72 .5  27.5 
92 .2  5 .9  
49 .8  43 .9  
38 .6  56 .3  

0 5 5 . 5  
0 .8  9 5 . 3  

1 9 . 3  71 .5  
a ;  l h r ,  b ;  6 h r ,  c ;  9 h r  
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The fo rma t ion  o f  t h e  i n t e r m e d i a t e s  r e a c h e d  a t  i t s  maximum w i t h  21g 
sodium n i t r a t e .  The maximum y i e l d  o f  a r o m a t i c  a c i d s  was r e a c h e d  a t  
25OoC, b u t  l ower  t h a n  t h a t  o b s e r b e d  f o r  L a t r o b e  c o a l .  The r a t i o s  o f  
a r o m a t i c  a c i d s / h u m i c  a c i d s  were  c o n s i s t e n t l y  lower  t h a n  t h o s e  f o r  
La t robe  c o a l .  

Goonyel la  c o a l ,  s p a r i n g l y  s o l u b l e  u n d e r  t h e  h y d r o t h e r m a l  con-  
d i t i o n s ,  was t r e a t e d  i n  c a u s t i c  soda - sod ium n i t r a t e  melts a t 3 0 0 0 E . .  More 
t h a n  5 0 %  of  G o o n y e l l a  c o a l  was r e c o v e r e d  a s  r e s i d u e  g i v i n g r i s e t o  o n l y  
a s  low as  2 - 6 %  o f  i n t e r m e d i a r y  f o r m a t i o n  o f  humic a c i d s  and a r o m a t i c  
a c i d s ,  s i n c e  t h e  l a t t e r  were  r e a d i l y  o x i d i z e d .  C o n s e q u e n t l y ,  i t  seems 
d i f f i c u l t  t o  o b t a i n  a r o m a t i c  a c i d s  i n  good y i e l d  d i r e c t l y  f rom a h i g h e r  
r a n k  c o a l  s u c h  as Goonye l l a  c o a l  by t h e  o x i d a t i o n  w i t h  n i t r a t e  i n  
c a u s t i c  m e l t s .  

When Goonye l l a  c o a l  and Amax c o a l  p r e o x i d i z e d  i n  a i r  were r e a c t e d  
w i t h  n i t r a t e  i n  c o n c e n t r a t e d  c a u s t i c  soda  s o l u t i o n s  a t  25OOC f o r  3 h r s ,  
t h e  y i e l d s  of t h e  o x i d a t i o n  p r o d u c t s  were improved r emarkab ly  a s  
shown i n  Tab le  5.  

T a b l e  5 .  O x i d a t i o n  o f  t h e  c o a l s  p r e - o x i d i z e d  i n  a i r  
G o o n y e l l a  c o a l :  A i r  o x i d a t i o n ;  3OO0C, 5hr  

Coal  W t .  l o s s  Temp. NaN03 Y i e l d s  t o  c o a l ( w t % )  Mol r a t i o s  t o  
on o x i d n .  Humic Aromatic  i n i t i a l  NO?(%) 

( 9 )  ( w t % )  ("C) ( g )  R e s i d u e  a c i d s  a c i d s  NO? NOi . 
G - 1  5.320 5 . 4  250 2 1  36 1 0  
G - 2  5 .321  4 . 8  6 .59  18  30 28 0 6 8 . 5  
G-3 5.319 2.8 1 7 . 9 4  6 2 7  42 0 9 0 . 0  
G-4 5.318 4 . 9  37.72 6 8 24 22 .5  65.9 
G-5 5.492 5 . 4  300 1 7 . 9 0  4 1 9  25 0 62.8 

A-14 5.529 1 7 . 5  250 1 7 . 9 1  6 1 2  4 2  0 9 0 . 1  

A-15 5 .507  4 .9  250 1 7 . 9 3  4 20 5 3  0 8 2 . 9  
A i r - p r e o x i d i z e d  G o o n y e l l a  c o a l  d i s s o l v e d  a p p r e a c i a b l y  i n  t h e  a l k a l i n e  
s o l u t i o n s  and fo rmed  t h e  i n t e r m e d i a t e s .  Humic a c i d s  d e c r e a s e d  w i t h  i n -  
c r e a s i n g  amount o f  sod ium n i t r a t e .  Aromat i c  a c i d s ,  however ,  r e a c h e d  
maximum a t  18g o f  sodium n i t r a t e .  When a i r - p r e o x i d i z e d  Amax c o a l  was 
u s e d ,  t h e  y i e l d s  o f  a r o m a t i c  a c i d s  were c o n s i d e r a b l y  improved.  The 
d r a s t i c  i n c r e a s e  i n  t h e  oxygen c o n t e n t  f rom 7 .4  t o  28 .3% and t h e  ap -  
p e a r e n c e  of c a r b o n y l  a b s o r p t i o n  i n  I R  r a n g e  u p o n t h e p r e o x i d a t i o n  o f  
Goonye l l a  c o a l  s u g g e s t  t h e  s i g n i f i c a n t  s t r u c t u r a l  and c o n s t i t u t i o n a l  
changes i n  a manner s u i t a b l e  f o r  t h e  o x i d a t i o n .  

From t h e  r e s u l t s  d e s c r i b e d  i t  was made c l e a r  t h a t  t h e  o x i d a t i o n  
became more d i f f i c u l t  f o r  c o a l s  o f  h i g h e r  r a n k .  I n  g e n e r a l ,  i t  is wel l  
known i n  t h e  o x i d a t i o n  o f  c o a l  t h a t  t h e  f o l l o w i n g  s t a g e s  p r o c e e d  S U C -  
c e s s i v e l y  and  t h e  c o n s t i t u t i o n  of c o a l  i s  c l o s e l y  r e l a t e d  t o  i t s  r e a c t i -  
v i t y .  I 

Amax c o a l :  A i r  o x i d a t i o n ;  3OO0C, 5h r  

Amax c o a l :  A i r  o x i d a t i o n ;  25OoC, 5h r  

I1  m c o a l - - - w a t e r  i n s o l u b l e  a c i d s - - - w a t e r  s o l u b l e  a c i d s - - -  C 0 2 ,  H 2 0  
L a t r o b e  coa l  i s  v e r y  a c t i v e  as i t  c o n t a i n s  a l a r g e a m o u n t  o f  oxygen 

i n  t h e  form of a c t i v e  f u n c t i o n a l  g roups  s u c h  as  p h e n o l i c  h y d r o x i d e  and  
c a r b o x y l i c  a c i d .  The r a t e  o f  d i s s o l u t i o n  i n  c o n c e n t r a t e d  c a u s t i c  s o d a  
s o l u t i o n s  was v e r y  f a s t .  The r e a c t i o n s  I and  I1 t h u s  t a k e  p l a c e  smo-8 
o t h l y ,  and  humic a c i d s  and a r o m a t i c  a c i d s  c o u l d  b e  o b t a i n e d  i n  good 
y i e l d .  When Amax c o a l ,  b e i n g  h i g h e r  r a n k  t h a n  L a t r o b e  c o a l ,  was u s e d ,  
t h e  r a t e  o f  d i s s o l u t i o n  was s low,  b u t  t h e  r a t e s  o f  o x i d a t i o n s  o f  humic 
a c i d s  a n d  a r o m a t i c  a c i d s  were r e l a t i v e l y  f a s t  r e s u l t i n g  i n  a lower 
y i e l d  o f  t h e  i n t e r m e d i a t e  oxygen compounds. The t r e n d  was f o u n d  re-  
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markab le  i n  t h e  c a s e  o f  Goonye l l a  c o a l  which w a s  p l a c e d  a t  t h e  h i g h -  
e s t  r a n k  among t h e  samples  t e s t e d .  

was shown i n  T a b l e  6 .  
The c o m p o s i t i o n  of b e n z e n e p o l y c a r b o x y l i c  a c i d s  i n  a r o m a t i c  a c i d s  

T a b l e  6.  D e t e r m i n a t i o n  of  b e n z e n e c a r b o x y l i c  a c i d s  i n  
a r o m a t i c  a c i d s  

Specimen R a t i o s  o f  b e n z e n e c a r b o x y l i c  a c i d s  i n  a r o m a t i c  a c i d s  Y i e l d  t o  
D i  - T r i -  T e t r a -  S um c o a l  

L 3 -  
1 , 2 -  1 , 4 -  l , 2 , 3 - 1 , 2 , 4 -  1 , 3 , 5 -  1,2,3,4-1,2'3,,1,2,4,5-(Wt%) (Wt%) 

L-6 0 . 8 0 . 3  0 .7  2 . 2  0 .5  1.1 1 . 5  2 . 1  9 . 2  5 .5  
L-8 0 . 7 0 . 4  0 . 5 1 . 7  0 . 5  0 . 8  1 . 1 1 . 7  7 . 4  3.9 
L - 1 2  1 . 2 1 . 0  0 . 8 3 . 6  1 . 2  1 . 2  1 . 3 2 . 6 1 2 . 9  6 . 5  
L-13 2.6 0 .8  0 . 6  3 .9  2 . 3  1 . 3  2 . 1  4 . 8  18 .4  3 . 5  
A-5 1 . 7 1 . 2  1 . 0  3 . 8  0 . 8  1.1 1 . 3 2 . 0 1 2 . 9  3.0 
A - 1 2  0 . 8 1 . 3  1 . 4 5 . 0  1 . 2  1 . 5  1 . 4 2 . 5 1 5 . 1  4.4 
A-15 1 . 6  1 . 7  1 . 6  5 .6  1 . 3  1 . 7  1 . 5  2 . 5  1 7 . 5  9 . 3  
G-8 1 . 9  2 . 0  1 . 8  6 . 9  1 . 4  1 . 9  2.0 2 . 8  20 .7  8 .7  
G-10 1 . 5  0 . 6  0 .8  3 . 4  0 . 8  0 .9  1 . 0  1 . 2  10 .2  2.6 

N e i t h e r  b e n z o i c  a c i d  was d e t e c t e d  by g a s  c h r o m a t o g r a p h i c  a n a l y s i s ,  
n o r  was d e t e c t e d  w a t e r - s o l u b l e  a c i d s  s u c h  as  c i t r i c  a c i d  i n  t h e  r a f -  
f i n a t e s  on t h e  me thy l  e t h y l  k e t o n e  e x t r a c t i o n  by pe rmangana te  t i -  
t r a t i o n .  The sum o f  t h e  c o n t e n t s  o f  t h e  b e n z e n e c a r b o x y l i c  a c i d s  
r e a c h e d  a maximum o f  20 .7% i n  t h e  a i r - p r e o x i d i z e d  Goonye l l a  c o a l .  
However, t h e  b e s t  y i e l d  of b e n z e n e c a r b o x y l i c  a c i d s  w a s  o b t a i n e d  i n  
t h e  case of  s i m i l a r l y  t r e a t e d  Amax c o a l .  When L a t r o b e  c o a l  w a s  u s e d ,  
b o t h  t h e  c o n t e n t  of  b e n z e n e c a r b o x y l i c  a c i d s  i n  a r o m a t i c  a c i d s  and 
t h e  y i e l d  of  b e n z e n e c a r b o x y l i c  a c i d s t o  t h e  r a w  c o a l  were n o t  h i g h .  
F u r t h e r m o r e ,  t h e  c o n t e n t  o f  b e n z e n e t e t r a c a r b o x y l i c  a c i d s  was t h e  
h i g h e s t  i n  t h e  b e n z e n e c a r b o x y l i c  a c i d s  f o r  L a t r o b e  c o a l ,  t h a t  of t r i -  
c a r b o x y l i c  a c i d s ,  however ,  was t h e  h i g h e s t  f o r  a i r - p r e o x i d i z e d  Amax 
c o a l  and  Goonye l l a  c o a l .  

C o n c e n t r a t i o n s  o f  c a u s t i c  s o d a  u s e d  i n  t h e  p r e s e n t  s t u d y  m i g h t  
b e  t o o  h i g h  t o  o b t a i n  b e n z e n e c a r b o x y l i c  a c i d s  i n  good y i e l d .  Bu t  
t h e  f o l l o w i n g  r e s u l t s  are c o n c l u d e d .  I n  t h e  o x i d a t i o n  of  c o a l s  
w i t h  t h e  p r e s e n t  method,  a low r a n k  c o a l  s u c h  as L a t r o b e  coa l  d i s -  
s o l v e s  e a s i l y  and fo rms  humic a c i d s  and  a r o m a t i c  a c i d s  i n  good 
y i e l d .  I n  o r d e r  t o  o b t a i n  b e n z e n e c a r b o x y l i c  a c i d s ,  however ,  it i s  
p r o f i t a b l e  t o  u s e  an a i r - p r e o x i d i z e d  h i g h  r a n k e d  c o a l  s u c h  as Amax 
c o a l  and  Goonye l l a  c o a l .  
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Selective Bond Cleavage of coal by Controlled Lm-Tanperature Air Oxidation 

by J. Solash, R.N. Hazlett, J.C. B u m e t t ,  P.A. Clh?nson and J.R. Levine 

Naval Research Laboratoq, Cmhustion and Feels Branch-mde 6180, Washington,Dc 20375 

Recent ef for t s  to f ind low temperatwe routes to liqtaefy coal have led to a 
renewal of in te res t  in oxidative rethods. 
e f fec t  desulfwization(1). Application of low temperature air oxidation to S X  
(Solvent Refined Coal) (2) and S ~ I E  coals(3) have shcwn that coal is easily oxidiz- 
ed in solvent w i t h  radical initiators a t  SO0 and without initiators a t  100-2000c. 
Subsequent t h e m l y s i s  of the oxidized SRC for  instance, leads to significant 
prcduction of low mlecular  weight w m d s  (2). 
t ion routes to coal liquids are two fold: 
ature and pressure conditions. 
loss of C and H can occur. 
oxidations of coal (4,5) prduced high yields of benzene carboxylic acids but also 
gave c02 m u n t i n g  to approximately 50% of the available carbon. 

Air oxidation of coal has been used to 

The at t ract ion of the air  oxida- 
inexpensive reagent(air) and low-tenpr- 

Hawever, the oxidation must be controlled or severe 
It  is worthwhile to note that the w e l l  hm basic water 

Under mild conditions, oxidation of coal i n  pyridine should proceed principal- 
l y  a t  benzylic positions. 
near lOO0C(1,6,7). 
quinoline has been shown to prcduce as much as 32% by wt. of ccanpounds with mle- 
cular weights less than 210. 
temperature a i r  oxidation follaved by a higher tenperatme pyrolysis s tep could 
lead to significant yields of low molecular weight ccanpounds. 
present our results which extend the two step oxida t ion- thmlys is  scheme to SRC 
and several raw coals using pyridine as solvent. 
work thus f a r  has been p e r f o m d  using mall batch scale reactors and greater con- 
trol over reactive intentlediates might be achieved using fow reactors(9). 

Many organic sulfur form should also oxidize readily 
upon thenmlysis, as noted above, SRC which was oxidized in 

Thus a two step schem which involves f i r s t  low- 

We wuld  now like to 

It should be noted that a l l  of o m  

%e coals used i n  th is  work were obtained courtesy of the Pennsylvania S t a t e  
University, College of E a r t h  and Mineral Sciences. U l t i m a t e  analyses (performed 
by Pennsylvania S t a t e  University) are shown in Table I. A l s o  shcwn are the total 
quantity of pyridine solubles of each coal used determined by soxhlet extraction. 
SFC was obtained f r m  a Western Kentucky coal (Lot No. AG3-35-77) and was supplied 
courtesy of Catalytic, Inc. 

Canplete details of the apparatus, experimntal details and analytical methods 
have been reported elsewhere(2). 
o r  suspension (coal) of substrate in pyridine which is maintained a t  approx. 100°C. 
A t  the end of the oxidation period, the solution and the remaining residue are 
t h m l y z e d  in the absence of a i r .  
(wt/wt) slurries. I m  mlecular  weight products (below 210) are quantitatively 
analyzed by gas chrcrmtmpaphy using an internal standard. 

Briefly, air  is passed through a solution (SRC) 

, The coals were oxidized and t h m l y z e d  as 10% 

Results 

A l l  coals and SRC oxidized m t h l y  a t  100°C in pyridine. By mnitoring the 

The oxygen gas ba lane  data for  s ix  coals 
vent gaSes from our oxidation reactor for  02, CO2, CO and H20 (2) we can determine 
how mch oxygen reacted with the coal. 
and SFC oxidized in pyridine are presented i n  Table 11- The vent gas frcnn OW 
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Oxidation reactor passes through a condaser wh ich  is mintained a t  O°C pr ior  to 
gas analysis. 
analyzed. 
cases the total oxygen content represented by this w a t e r  v a p r  is negligible and 
is therefore not reported in Table 11. 
before and af te r  oxidation must be p e r f o m  to close the oxygen balance. 
unlikely h e m  that a l l  of the remaining oxygen can be accounted f o r  by water. 

consequently very little water vapr escapes the condenser to be 
While the water v a p r  content of the vent gases can be measured in a l l  

Water analysis of the pyridine solvent hoth 
It seems 

It should be noted that these oxidations are quite k l d .  The evolved carbon 
(as carbon oxides) frcnn the Sub-Bit-ous B coal for  instance, represents 0.001% 

Of the available carbon on a mmf basis (Table I ) .  
aSS-g negligible w a t e r  production, is only 0.6% by weight for  the H i  Volatile 
- C bitminous coal. 
than that observed for  SFC i n  quinoline (2) or in pyridine a t  looo  (Table 11). 
Thus, these are inaeed mild, controlled oxidation conditions and should be ccanpared 
again w i t h  the much mre severe base catalyzed oxidations performd by others (4,5). 

expect SO2 to be evolved a t  these temperatures (1,6,7). I n  prior work(2) in 
quinoline solution, SFC showed no evidence of sulfur dioxide evolution while oxidiz- 
ing a t  temperatures as high as 18OoC (10). While the substrate in the above case 
was law in sulfur and therefore evolved So2 might have gone undetected, it appears 
mst unlikely that 180° is suff ic ient  to casu? appreciable SO2 extrusion fran 
sulfones (7). 

The extent of OddatiOn, 

The extent of oxidatim of the raw coals in this work is less 

While sulfur mieties should oxidize readily under these wnditions we do not 

The oxidized solutions and recovered residue were then placed i n  small stain- 
The tubes w e r e  subjected less steel tubes hhich were f i t t e d  w i t h  Swagelok valves. 

to several freeze(-78°)-pmp-thaw cycles then pressurized to 500 psig (room t a p r a -  
ture) w i t h  hydrogen. The slurries were then heated to 415O for  3 hours. 
amling, the recovered solutions w e r e  quantitatively analyzed by gas chrcaratography. 
The results are reported i n  Table 111. The conversion represents the yield, on a 
weight basis, of cconpounds whose molecular weight is less than approximately 2.10. 
In runs p e r f o m  with raw coals,  but not with SRC, scme formation of pyridine 
(solvent) d i r e r s  was observed. 
alar weight ccmpounds also appear to produce mre pyridine dimer. 
was heated a t  two different temperatures. 
as solvent ( 2 ) ,  only when the t h m l y s i s  temperature i s  above 400° are appreciable 
yields of low mlecular weight ccmpunds observed (Table 111). 

Discussion 

A f t e r  

The coals which gave the higher yields of law mle- 
Oxidized SFC 

As observed previously using quinoline 

All coals and S X  used i n  this work oxidized sroothly a t  looo i n  pyridine. The 
coals of higher rank absorbed mre oxygen than those of lower rank (Table 11). 
SX absorbed mre oxygen than any coal and appeared to be as reactive i n  pyridine a t  
1000 as in quinoline a t  temperatures up to 15o0(2). 
m a r d  liquid phase air  oxidation between SFC and the coals l i s ted  in Table I is 
probably not connected with oxygen transport w i t h i n  coal pres (9 ) .  
difference i n  reactivity appears to be structure related. 
content than any of our coals (11) and probably a lower phenolic oxygen content (12) .  
Similarly, higher rank coals which absorb mre oxygen than lower rank coals (Table 
11) appear also t o  have a lower content of phenolic oxygen. 
w e l l  k n m  liquid phase oxidation inhibitors (13) so that  this explanation is  con- 
sistent with the observed oxidation behavior of the coals and SW. 

The 

 his difference i n  react ivi ty  

Rather the 
SKC has a lower oxygen 

Hindered phenols are 

The oxidized solutions and recovered residue (coals only) were  then t h m l y z e d  
in stainless steel tubes for  3 hours. 
that only small munts of law mlecular weight KmpOmds were proauced. 

I n i t i a l  e x p e r k n t s  with SRC a t  350° showed I 

A t  415O 
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a dramatic increase in the observed prcduction of law mlecular w i g h t  products was 
observed. 
decarboxylation of acids, w h i c h  were prcduced W i n g  oxidation, f o l l w d  by rapid 
quenching of the radicals could account for  the observed results ( 2 ) .  
pattern of reactivity is exhibited by SIC i n  the present work. Recently, Campbell 
(14) has Shawn that CO2 is evolved frcan the organic portion of sub-bitminous ax1 
only a t  m a t u r e  abave 400°. Presmmbly, th-1 decarbxylation also explains 
this data. 

~n an earlier paper we suggested that a t  tmperatures over 400° therm11 

The same 

Thermslysis of sane of the oxidized -1s prcduced some interesting results. 
The two higher rank coals (Table 111) prcduced mre law mlecular weight capunds 
than the 1- rank coal studied. 
always higher i f  the substrate were subjected to the mild oxidation pr ior  to ther- 
m l y s i s .  
sans trimerization (15) of the solvent, pyridine. The quantity of bipyridine forred 
roughly follaws the pattern of oxidative react ivi ty  of the coals- mre oxygen absorb  
ed. m r e  bipyridine formed. Interestingly, no bipyridine was observed fman the ther- 
m l y s i s  of any S W  a t  415 but biquinolines form4 a t  450° with SFC in quinoline. 

The degree of solvent inmlv-t reported in Table I11 is significant. 

The yields of low mlecular weight mterial were 

Hmiever, thenmlysis of the raw coals a t  415 induced dhzr iza t ion  and 

Bi-  
pyridines distill in the same region as mjor prcducts and i f  not rwwed would 
lead to high N content of the product. One way in which the bipyridines could be 
formed is by H atom abstraction fran a solvent mlecule  i n  a coal pore by a 'hot' 
radical. Self-reaction w i t h  another solvent mlecule i n  close proximity rather than 
quenching with hydrogen might be the preferred reaction pathway. We attemptea to 
suppress bipyridine formation by addition of scams tetrahydmpyridine to the thermD1- 
ys is  slurries. The &served formation of bipyridines was reduced by a factor of 
about 2 when t e t rahydropid ine  was present in 1 0  w t  % in the oxidized or 
dized (raw coal + pyridine) slurries of the H i  V o l  A and H i  V o l  C coals. 
served y i e l d s  of l m  molecular weight mterial were also reduced. 
substrates used i n  the l a t t e r  experiments had inadvertantly been allowed to r& 
a t  room temperature f o r  approximately two months. We had observed that these solutions 
and residues are eas i ly  degraded even a t  freezer temperatures in short periods of 
th?. 

unoxi- 
The ob- 

H m e v e r ,  the 

The data presented i n  Table I11 denonstrate that coal can be f r a g m n t d  to yield 
significant quantities of l m  mlecular weight mterial. Since the reported yields 
fm the oxidized and th-lyzed runs are a l l  higher than the pyridine soxhlet ex- 
t rac t s ,  on a weight basis, we can say that the two step process employed here definite- 
l y  attacks - of the polymxic coal structure. 
ate these resul ts  but on a mch larger scale so tha t  *.yield of distillate (not 
gc y ie ld)  mterial can be reported. 
examined for  sulfur conmt. 
able m t e r i a l  f ran the H i  Vo l  A coal contains about 1% by weight of law mlecular 
weight (less than 210) ccanpmds. 

Work is no.i in progress to replic- 

Similarly the residue a f te r  thern-olysis w i l l  be 
Finally it should be noted that the soxhlet extract- 
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Tab le  I1 

P a r t i a l  Oxygen Balances for  Oxidation of SFC and Var ious  Coals in Pyridine at 100°C4 

Substrate 

SFC 5.1 0.5( .4)2 -XIIW' 

H i  Vo l  A Bituminous 2 .8  0 .5( .4)  0.04 ( .01) 

H i  V o l  B B i t m i n o u s  4.0 0.6( .4)  0.06 (.02) 

H i  V o l  C B i t d o u s  4 . 1  0.6( .4)  0.05 (.01) 

Sub Bituminous B 

Sub B i t m i n o u s  C 

3.1 

2.5 

0.9( .6)  0.05(.01) 

0.9(.7) 0.05 (.01) 

Lignite 2 . 3  0.8(.6) 0.04(.01) 

l r  N o t  rreasured. 
ammt of 02 in mles ,  accounted for  i n  this gas. 
was evolved in the oxidation gases. 
before and a f t e r  oxidation remain to be perfonred. 
250 ml/min air  flm, 3 hours, p y r i d i n e  solvent. 

2 r  N ~ m b ~ ? r s  in parenthesis in this m l m  refer to the calculated 
3, A negligible m m t  of w a t e r  

Karl-Fischer w a t e r  a n a l y s i s  of the SuSFensions 
4 f  Ox ida t ion  c o n d i t i o n s L  loo%, 
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